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PREFACE

The 1984 Chemical Research and Development Center Scientific Conference on Obscuration and Aerosol
Research was held 25-29 June, 1984, at the Edgewood Area of Aberdeen Proving Ground, Maryland. The
Conference is held annually, the last full week In June, under the direction of Dr. Edward W. Stuebing,
Research Area Coordinator, Aerosol Science, from whom it receives its unique and productive character. r

The Conference is an informal forum for scientific exchange and stimulation amongst investigators
in the wide variety of disciplines required for aerosol research and a description of an obscuring
aerosol and its effects. The participants develop some familiarity with the Army aerosol and obscura-
tion-science research programs and also become personally acquainted with the other investigators and
their research interests and capabilities. Each attendee is invited to present any aspect of a topic of
interest and may make last minute changes or alterations in his presentation as the flow of ideas in
the Conference develops.

While all participants in the Conference are invited to submit written papers for the Proceedings
of the Conference, each investigator who is funded by the Army Research Program is requested to provide
one or more written papers which document specifically the progress made in his funded effort in the
previous year and whtich indicate future directions. Also, the papers for the Proceedings are collected
in the Fall to allow time for the fresh ideas which arise at the Conference to be incorporated. There-
fore, while the papers in these proceedings tend to closely correspond to what was presented at the
Conference, there is not an exact correepondence.

The reader will find the items relating to the Conference itself--photographs, the list of attendees
and the agenda--in the appendixes following the papers and the indexes pertaining to them.

The use of trade names in these proceedings does not constitute an official endorsement or approval
of the use of such commercial hardware or software. These proceedings may not be cited for purposes of
advertisement.

Reproduction of this document In whole or in part is prohibited except with permission of the
Commander, Chemical Research and Cavelopment Center, ATTN: DRSMC-CLJ-IR, Aberdeen Proving Ground,
Maryland 21010-5423. However, the Defense Technical Information Center and the National Technical
Information Service are authorized to reproduce the document for US Government purposes.

This report has been approved for release to the public.
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CENERAION OF MONODISPERSE NONSPHERICAL AEROSOL PARTICLES I

K. H. Leong
University of Illinois at U-C

Urbana, IL 61801

ABSTRACT
This work is partly an extension and a reevaluation of a previous study on the morphology of

aerosol particles generated from the evaporation of solution drops (J. Aerosol Sci., (1981), 12.
417-435). The results of the previous and later work are used to demonstrate the feasibility of
using a vibrating orifice aerosol generator for the controlled generation of monodisperse aerosol
particles that are uniformly nonspherical. Crystal habit and solubility effects are discussed in
relation to the two primary controlling parameterG: the nature of the chemical compound used as
the solute and the evaporation rate. Single crystals, prolate spheroids. spheroids, cenospheree and
shells have been generated. Further work to define the range of particle shapes possible is in
progress.
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GAS-TO-PARTICLK cONVIRSION: TiR ROLE OF PU-EXISTIIG DIMMRS IN
THE FORMATION OF CLUSTgRS DURING SUPERSONIC UXPAMSION4

R. G. Keesee and A. W. Castleman, Jr.
Department of Chemistry

The sanneylvania State University
University Park, PA 16802

ABSTRACT

A complete rendition of this contribution is to uppear in a paper by J. J. Breen, K. Kilgore, K.

Stephan, R. Hofmann-Sievert, B. D. Kay, R. G. Kaeaee, T. D. k-ark, and A. W(. Castleman, Jr., "The Use

of Similarity Profiles iu Studying Cluster Formation in Molecular Beam: Zvidence for the Role of

Preexisting Divers," Chem. Phys., in press. Studies of the influence of source temperatures and

pteossr~e on the distributions of water, ammonia, and sulfur dioxide clusters are reported. The

experiments reveal that nearly identical cluster distributions occur in cases where the pressure of

dimer is maintained constant according to a simple equation involving stagnation temperature and

pressure. In similar experiments covering the same range of pressures and temperatures, widely

differing cluster distributions are obtained under conditions where the dimer concentration is not

fixed. Our results suggest that large clusters proceed largely frompre-existing diners, and that

very few new ones are created early enough in the expansion to effect cluster growth. The gas-phase

heat of dinerisation of sulfur dioxide is determined to be 4.3 t 0.3 kcal/mole.

INTRODUCTION

At the present time there is widespread interest in the formation and properties of small

aggregates of molecules (1,2). These systems constitute a form of matter having properties between

those of an isolated gas-phase molecule and the bulk condensed state. Study of their formation and

properties is an attractive method of following the continuous course of change of matter from the

gaseous to the condensed phase, elucidating nucleation and solvation phenomena, and shedding light

on certain problems in the field of surface science (2,3).

In addition to these aspects of cluster properties, there is a strong interest in their

formation processes where fundamental questions arise concerning the initial stages of nucleation

and growth. More specifically, the interest is in the initial collision partners and the rpte

limiting step In the clustering reaction scheme. Cluster growth is thought to proceed initially via

a three-body association reaction. In this scheme, two particles collide and form an activated

complex until a third body removes the excess energy and stabilizes the coiaplex via another

collision. Recently, considerable attention has been given to the role of the dimer in cluster

growth. Andres et al. (4) have used a multiple expansion cluster source to obtain condensation

13
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accommodation coefficients for water clusters up to the trimer. Their results indicate that the

formation of the larger clusters from the diner is considerably more facile than the formation of

the diner from the monomer. In another experimcnt Ellenbroek at al. (5) found that when a fraction

of the hydrogen fluoride diners in a cluster beam are vibrationally dissociated with the output of a

hydrogen fluoride laser, many of the larger clusters disappeared. These findiugs suggest that the

initial amount of diners may have a strong influence on the amount and site distribution of large

clusters. In accord with these ideas we set out to examine homogeneous cluster distributions over a

varied set of stagnation conditions to examine the role of pre-existing diners on the cluster

distributions observed in an adiabatic expansion.

This paper reports the results of studies of the influence of source temperature and pressure

on the distribution of clusters formed in a molecular beam. Determination of the factors governing

the similarity profiles of cluster distributions has led to additional insight into the mechanisms

responsible for the early stage of cluster formation and growth.

EXPERIHENTAL

Although these experiments have been performed over a lengthy tine period in which the

apparatus has undergone some changes, the main elements have remained the same. The details are

described elsewhere (6-8). Briefly, it consists of a supersonic nozzle, the nozzle exhaust chamber,

two differential pumping chambers, and a detection chamber housing a quadripole mass spectrometer.

The nozzle exhaust chamber is separated from the differential pumping chamber by a conical skimmer

(Beam Dynamics Model I1) having either a 0.5 mm or a 1.0 am diameter aperature. Typical operating

pressures are lxlO- 4 torr in the exhaust chamber, jx10-6 and lxlo"7 torr in the differential pumping

chambers, and 2xlO 9 torr in the detection chamber. Mass analysis is accomplished with an electron

impact mess spectrometer (Granville Phillips Spectrascan 750). Data are acquired using a

multichannel scaling technique in which the data was stored and displayed with a multichannel

analyzer (no-Tech model no. 5300).

The stagnation chamber is constructed from glass tubing and a roundbottom flask; the total

volume is approximately one liter; heating is performed resistively. The temperature in the chamber

is monitored with two Chromel/Alumel thermocouples and an electronic zero point reference (OWmega

Ilectronice). One thermocouple is placed at the rear of the stagnation chamber and the other is

placed near the tip of the nozzle. Temperatures are maintained constant within a range of one

degree Celsius. The stagnation pressure is monitored with either a Bourdon-type gauge (Matheson

model no. 63-5601) or a Baratron capacitance manometer (model no. 310-CH). In either case the

stagnation pressure is maintained constant to within ten torr.

14
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Ammonia and sulfur dioxide are anhydrous grade and obtained from local suppliers. Both are

used without further purification. Water to obtained from the building6 deionized water system.

Various sised noszles were used in the experiments ranging frou 100 to 300 us in diameter. These A

vere convergent glass tubes that incorporated an annular heating/cooling jacket around the entire

source assembly. The details are given in Reference 9.

During the course of experiments on cluster distributions, we noted that the distributions are

often quite similar under widely differing source conditions, but in other cases quite different

with only some relatively minor changes in source conditions (9,10). The present study was

undertaken to establish whether diners eight be the primary species initiating cluster formation In

tne experiments and, more importantly, whether fixing the diner concentration might lead to

identical cluster distributions.

The basis for investigating the importance of diners Is as follows:

2A A2  • ()

An equilibrium constant can be written and related to the standard enthalpy and entropy change of

dimerization, AH" and AS, respectively. Assuming that the fugacity of a species is approximated by

its partial pressure,

Km P P - exp[-(AHi - TAS*)/IT] (2)
A2

Here, P' is the standard state pressure taken to be one atmosphere. In experiments in which the

diner pressure was maintained constant, but both nozzle and source temperature were varied,

thermodynamic properties of the diner system could be utilized to ascertain appropriate conditions

for maintaining the same dimer partial pressure, PA
2

A2 A (- (-. H (3)I

PA2 PA

where PA refers to the monomer pressure, To the stagnation teuperature, and the prime designates a

different source condition. For the diner partial pressure (PA,) to remain fixed as the

stagnation conditions are changed from (PATo) to (PA',To') the relationship

In l-r , '. [F 1- Yo '] (4) ,"

must be satisfied.

I11'* 
.
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TEMPERATURE DEPENDENCE OF CLUSTER DISTRIBUTIONS: WATER AND MOW)IIIA SYSTEMS

By changing the temperature of the nozzle, it is possible to strongly influence the.

distribution of clusters observed. In an attempt to determine the role played by the concentration of

diners existing in the pre-expanded gas in determining the final observed cluster distribution. the

cluster distributions were measured for a variety of different stagnation conditions. The only

constraint imposed upon the stagnation conditions (T01fP,) was that the equilibrium partial pressure

of the diner remain fixed as the stagnation conditions were varied.

The value of interest is the relative intensity change with temperature adpressure of the

observed ionized cluster distributions. An important fact to note is that in the present studies,

the degree of fragmentation of the neutral cl.usters upon ionization is imaterial since the ionized

cluster distribution is used only to monitor shiflts in the distribution of the precursor neutral

- clusters. In the case of water and aimmonia, the observed ions are the protonated species H*(H2O).

and 114(NKj),.

*Figure 1 displays the resultant cluster distributions measured for the expansion of neat water

vapor through a 100 wodianeter nozzle at various stagnation conditions. The various stagnation

* conditions (P ,T ) satisfy Equation (4) when using the theoretically predicted (11) value for
H20' 0

- Mi C-6 kcal/mole). The cluster distributions for various stagnation conditions are essentially

indistinguishable, as is clearly displayed in the figure. F~igure 2 displays the resultant cluster

* distributions when the stagnation conditions are arbitrary. The difference between the two

distributions in Figure 2 is readily discernible.

An analogous study of ammonia cluster distributions was made using the literature value (12)

i for the dimerization enthalpy (AM* - -4.5 kcal/mole). Figure 3 displays the resultant cluster -

* distributions for the expansion of neat amonia vapor through a 100'~m diametrer nozzle. The various

* stagnation conditions have a constant (NH3)2 Partial pressure behind the nozzle according to

* Equation (4). In these experiment* with aimmonia the t~emperature was varied over a range of -25% to

10% while the pressure was varied from 480 torr to 760 tort. Yet, the cluster distributions are

p virtually identical.

Again, when the stagnation conditions are randomly changed, the resultant cluster distribution

displays noticeable differences. The results support the hypo~thesis that pre-existing dimers from

the stagnation chamber control the development of the cluster distribution during expansion, at

least for the range of conditions examined in the present work.

16

- ~ >;.~ ~ ;*~OWEN =**~ . 'r~'.*.-*-**



CLUSTERS OF SO2 AND THE ENTHALPY OF DINERIZATION

In the case of sulfur dioxide the present authors know of no reliable value for the heat of

diserisation. In view of the euccess of reproducing cluster distributions for water and amonia

expansions under varying stagnation conditions by controlling the partial pressure of pre-existing

dimers, the procedure was reversed for sulfur dioxide. First, an expansion was conducted at 25*C

and 500 torr as a reference. Next, a series of expansions were then made at 65*C with the

stagnation pressures adjusted at values corresponding (via Equation (4)) to heats of dimerisation

ranging from 3 to 6 keel/sole. For sulfur dioxide the main series is (SO2)n+ but a SO÷(S02)n series

is also observed. The distributions obtained with stagnation pressures corresponding to 4 kcal/mole

resulted in fairly good agreement with the reference distribution. As a further test, the

stagnation conditions were changed to 450C and 85C with tie corresponding pressures 620 torr and

880 torr. Again, the distribution profiles matched well with the reference profile and at 850C we

were able to bracket the heat of dimerization between 4 and 4.5 kcel/mole " is readily seen from a

comparison of tabulated,measured intensities relative to the reference case, as depicted in Table I.

Thus, the enthalpy change for dimerization of sulfur dioxide is 4eterained to be -4.3 ± 0.3

kcal/sole.

Finally, argon was tested in a similar manner to the sulfur dioxide. The result was that the

heat of dimerisation of argon is too small to be employed by our method. The expected value is

about 0.3 kcal/mole (13) and limitations of the apparatus prevent investigation over the wide range

of stagnation conditions required to determine such a small heat of dimerisation.

DISCUSSION AND CONCLUSION

Clusters formed in an expanding free jet must grow by association kinetics; further growth

steps require substantial cooling by collision with a third-body in the expanding jet. The growth

is inhibited if the clusters become vibrationally hot through energy release in successive addition

steps, or by spontaneous internal reorganization of cluster structures giving rise to additional

hydrogen bonds within the complex. Therefore, clusters can decompose by unirolecular decay

processes if further cooling collisions do not take place during the time domain for unisolecular

decomposition. Consequently, the formation of new dimers is an inherently slow, rate determining

step.

The results of the present study demonstrate that identical cluster Jistributions can be

obtained in supersonically expanding Jets under widely different expansion conditions when the

absolute quantity of dimers was maintained fixed vihile the nozzle temperature and expansion pressure

were substantially varied over a range of values.
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The advantage of the present method in studying beans is several fold. First. through tiet

investigation of similarity profiles, the influence of cluster fragmentation is obviated within the

assumption th&t it is not appreciably affected by source temperature. Only the response of the ,'

distribution to changing source parameters is considered and there is no necessity of determining

absolute ratios between cluster species and particularly between monomer and diner which say be i

subject to considerable influence due to fragmentation problems. Furthereore, obtaining similar

cluster distributions overcomes the problem of ascertaining what fraction of the measured diner is

attributable to that pre-existing in the source and what portion is due to the formation of new

diners during the course of the expansion.
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TABLE I

COMPRISON OF UMLALIZILD CLUSTER INTENSITIES AS A
FUNCTION OF ASSUMED UKAT OF DII4EIZATION

500 Torr 820 Tort 880 Tort 940 Tort 910 Tort
N (a) 3.5 kcal/mole 4.0 kcla/uole 4.5 kcal/sole 6 kcal/umlo

25%C 850C 80C 85"C 65*C

2 0.17 0.13 0.12 0.11 0.08

3 0.41 0.40 0.37 0.32 0.24

4 0.66 0.68 0.66 0.60 0.50

5 0.84 0.38 0.85 0.81 0.71

6 0.93 0.99 0.95 0.96 0.65 0.

7 0.93 0.96 0.94 0.98 0.94

8 1 1 1 1 1

9 0.93 0.87 0.91 0.95 0.95

10 0.81 0.74 0.78 0.81 0.8

11 0.73 0.64 0.71 0.75 0.81

a£eference Cae.

S"4-

c,,
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CLUSTER SIZE P01 VARIOUS STAGNATION CONDITIONS. Each distri-
bution has the same pre-eapension partial pressure of

( 2 0)2 %
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H*t(NI-IN INTENSITY vs. CLUSTER SIZE
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a._
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Figure 3

PLOT OF H (NhHi) CLUSTER INTENSITY VERSUS CLUSTER SIZE

FOR VARIOUS SRA&NATION CONDITIONS WITH FIXED PARTIAL

PRESSURE OF (H
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AEROSOL PLUME MECHANICS AND PARTICLE GROW.TH PROCESSES

J. R. Brock, T. H. Tsang, and S. G. Kim
Chemical Engineering Department

University of Texas
Austin, Texas 78712

i --

ABSTRACT

Work under Contract .IAAK11-83-K-O006 for the past year is outlined. Six areas of research

under the project title, "Aerosol Plume Mechanics and Particle Growth Processes", are listed. (1)

Development of aerosol plume dispersion models which in a K-theory model incorporate the processes

of dispersion, advection, dry deposition, gravitational settling, coagulation, and

condensation/evaporation. (2) Theoretical investigation of particle formation and growth by nuclea-

tion, condensation and coagulation. (3) Experimental investigations of growth of multi-component

oil aerosols in a laminar coaxial jet. (4) Generation and growth of ferromagnetic and other solid

*aerosols. (5) Non-linear laser Interaction with aerosol particles. (6) Particle deposition,

sorption and removal processes. Summaries of work in these areas are given. Some of this work has

been presented, published and submitted for publication as follows:

J. R. Brock, 'High energy laser interactions with aerosols,' High Energy Laser Applications
Workshop, New Mexico State University, Las Cruces, N.M., Nov. 11, 1984.

J. R. Brock, 'Ostwald ripening and other particle growth processes,' Mechanical Engineering
Lecture Series, University of Minnesota, Minneapolis, May. 1984.

J. R. Brock, *Kinetic theory and aerosol transport processes," (5 lectures), Visiting lecture
series, University of Minnesota, Minneapolis, May, 1984.

J. R. Brock, 1984, Chemical Research and Oevelopment Center, Conference on Obscuration and
Aerosol Research, June, 1984.

J. R. Brock and J. L. Durham, "Aqueous aerosol as a reactant in the atmosphere,' in J. Calvert,Ed., S 14O and N09 Oxidation Mechanisms: Atmospheric Considerations, Butterworth, Boston, 1984.

T. H. Tsang and J. R. Brock, "Dispersion of a plume of volatile aerosol,' Aerosol Science and
Technology, 2 429-36 (1983).

T. H. Tsang and J. R. Brock, "On Ostwald ripening," Aerosol Science and Technology, 4 350
(1984).

T. H. Tsang and J. R. Brock, 'Dynamics of Ostwald ripening with coalescence," Physical Review
Letters 53 (1984).

J. R. Brock and P. J. Kuhn, "Modifications of oil condensation aerosol growth by low concentra-
tions of unsaturated aliphatic acids," Submitted for publication..4"

J. R. Brock, Patent Disclosure, 'Additive for Control of Particle Size in Oil Smokes,' August
1984.

INTRODUCTI ON

Work under this contract is intended to add to the technological base of the U.S. Army's

programs in e.m. radiation obscuration, aerosol technology and chemical detection, identification

and warning.
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The efficiency of an aerosol obscurant for electromagnetic radiation depends on many factors

% including particle size, shape, composition and concentration. For an obscurant in the atmosphere,

% particle size, shape, composition, and concentration are determined by the processes of particle

generation and growth as well as the advection, dispersion and other processes of atmospheric motion.

*• While some qualitative features of these various processes are recognized, our knowledge is incom-
d

plete. Improvements in aerosol obscurant technology must depend in part on development of the basic
,1

knowledge of the various processes cited above.

Most aerosol obscurants are generated by the condensation of atomic or molecular species

initiated by a nucleation process. The description of this process remains today as one of the

-. unsolved classic problems of physics. Subsequent to their formation by nucleation, the stable

particles grow by coagulation and condensation/evaporation processes. For liquid particles of a

single chemical species which coalesce on collision, these processes for restricted homogeneous

systems can be described quantitatively. However, even in this limited case, this has only recently

* been done. For particles that do not coalesce on collision, no general theory is available. Such

parti~leswill form larger particles with complex morphology - chains, branched structures, random

aggregates, etc. - whose description in the context of a dynamic model has not yet been achieved.

- When the aerosol is formed from a mixture of chemical species, the problems cited above for single

component aerosols are compounded. The study of the evolution of aerosol mixtures is only in its

initial stages.

When aerosol obscurants are formed in the atmosphere, the formation and growth processes

discussed above will occur in a turbulent environment. First these processes take place in tur-

bulence produced by the obscurant generation device. Then, atmospheric turbulence takes over, and

the subsequent evolution occurs In this environment. The description of turbulence also remains as

one of the unsolved classical problems of physics. While qualitative descriptions of aerosol

evolution in a turbulent environment are available in special cases, no general quantitative des-

cription is currently available. Only empirical descriptions of limited validity can be found in

the literature. The evolution of an aerosol in an atmospheric plume is a complex process whcr e

average characteristics have only recently been studied quantitatively.

Tha technology for chemical identification, detection and warning must take into account the

interactions between vapor and the aerosol phase. This is an 8rea that is currently poorly under-

stood.

Summarized below are a few examples of work underway through contract DAAKII-83-K-0006. The

references listed in the abstract should be consulted for details of some of the work done this past

year.
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AEROSOL PLUME MODELS

Previous work we have carried out on models incorporating the aerosol processes of coagulation,

gravitational sedimentation and dry deposition has been described earlier (e.g. 1, 2, 3). We

recently completed a study of the dispersion of a plume of volatile aerosol. We have studied the

evolution of the particle distribution function n(mx,zt) in a cross wind line source. n(m,x,zt) .

dm is the number of particles having masses in the range m,dm at downwind pusition x at height z at

time t. The evolution equation is

an(mxz,t) an(m,xz,t) a
+ U(z) + ] * - [ f(m,s)n(mx~z~t)]

a t ax am

a an(m.x,zt) a n(m, x,z,t)
- K(z) [ ] + Gz(m) [ ]. (1)
3z az az

This equation is coupled to the conservation equation for the vapor, which we give in terms of the

saturation ratio s:

as(XZ~t) as(x,z,t) as(x,z,t) 1
-- + U(z) [ ] = - K(z) f ] - - f•'(m,s)n(m,x,z,t)dm. (2)

az ax 3z 3Z cv 0

Equations (1) and (2) are subject to the following initial and boundary conditions:

nlm,x,z,O) a 0,

s(xz,O) 0 ,. (3)
n(m,O,h,t) - [Qo/U(h)] S(z-h)f(m)• (4) ''':

s(O,h,t) = 1.0, (5) ."

an(m, x,H,t) as(x,H,t)
a - -0, (6)

3z 3

nVd(m) * Kan/az, z = 0 (7)

as/z O, z 0 (8)

U(z) is the x component of the mean fluid velocity, and K(z) is the vertical eddy diffusivity.

Gz(m) is the gravitational settling speed for a particle of mass m. 00 is the source strength, h

its height, and f(m) the source size distribution. H is the mixing height. Vd(m) is the deposition

velocity of a particle with mass m.

*f(m,s) is the condensation/evaporation growth law for a particle. We use the following ap-

proximate expression, due to Fuchs and Sutugin (1971):.

25

..............~ ~ i. - "



-u

m•, ~1.33Kn÷0,71 -1 •id '(m.s) -4-(3/4npp) 1/ 3  ogjml/ 3cv(s-eKe) (1 + 1-- (3nO19).1

S1 + KnI

where the dlffision coefficient 0 gj of vapor j in host gas is related to the mean molecular speed -j

and the mean free path Lj by Dgj a 1/2 VjLj. In Eq. (9), Pp is the particle density; Kn the Knudsen I
"number, Kn a 2Lj/Dp; and Op is the particle diameter. The saturation ratio S a c/c., where c is the

vapor mass concentration and c. is the vapor mass concentration corresponding to the bulk liquid

vapor pressure at plume temperature T. Ke is the Kelvin number, Ke - 4Yv/DpK T. Y is the surface

N tension, v the particle's molecular volume, and KT the thermal energy.

Some of the important observables of n(m) are the total particle number concentration N,
5% .

N f n(mndn; S.

the particle mass concentration M,

."M " mn(m)din;

and the total extinction coefficient oext, obtained from the normalized extinction efficiency Qext

i• (Kerker, 1969):

"4
Oext ( /23 Qextm2/3nlmim. .

4Tpp

The numerical solution of the coupled integro-partial differential Eqs. (1) and (2) presents a

challenging problem. The simultaneous solution by an implicit numerical scheme using a matrix K

technique for 104-i05 unknowns is no trivial task. In this work the method of fractional steps is

used in the simulation. Advection, diffusion, and evaporation are included as follows:

1. Solve the advection and diffusion equation Jmax times, where Jmax is the number of size
classes.

2. Solve the evaporation equation by LFEM at each grid point.

3. Solve the advection and diffusion equation for s.

4. Calculate the integral term in Eq. (2), which is a source term for vapor die to evapora-
tion, and update the saturation ratio at that grid point.

If the saturation ratio of the vapor does not change with position - that is, is constant -

procedures 3 and 4 are not necessary. The method of fractional steps just outlined decouples Eqs.

(1) and (2). The explicit nature of procedure 4 does not pose a problem, because the source term is

counterbalanced by the dilution effect of advection and diffusion.
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We have demonstrated that dispersion of a plume of volatile aerosol can be simulated numerical-

ly by the methods outlined. For the special case where an analytical solution is possible, It has

been shown that the numerical solution converges to the analytical solution with a reduction In step

size; consequently the error in numerical simulation can be reduced to any desired level. In these

comparisons, the validity of the method of fractional steps has been proven with the attendant

advantage over fully implicit schemes. From these and other studies it has been demonstrated that

the finite-element method using Hinear basis functions and natural boundary conditions yields ac-

curate numerical solutions for the evaporation process. -'

With the methods described in part here, many interesting problems in aerosol dynamics can now

be studied. We plan to present elsewniere simulations of dispersion of plumes in which both coagula- 7.

tion and various condensation/evaporation processes occur. It would also be of interest to extend

these procedures to other problems such as the rapid condensation/evaporation processes in noniso-

thermal plumes, a problem of some importance.

PARTICLE GROWTH PROCESSES

Ostwald Ripening

Subsequent to their appearance by homogeneous nucleation from a monomer, particles grow by

coagu'ation and condensation/evaporation processes. Such growth by condensation/evaporation has

S been termed "Ostwald ripening." We have carried out numerical investigations of this process and

have noted specific limitations inherent in previous work by others on this problem.

In Ostwald ripening by condensation/evaporation, the evolution equation for tho particle size

distribution, n(x,t), in an isothermal, uniform system is

an(x,t) a .-

whr an -t [•p(x,t)n(x,t)), (1) ""at ax'"

: where

ý,(x,t) u A(x)[s-exp(K/x 1 / 3 )J, (2)

n(x,t) is the number of particles with mass x per unit volume at time t; i is the growth rate of a

particle (mass per unit time). Equations (1) and (2) are appropriate for describing the condensa-

tion/evaporation process for dilute monomer vapor in inert host gas. In (2) s is the supersatura-

tion ratio; K/xI/ 3 is the Kelvin number, where K (4rd/3)1/ 3 Zoy/KT, with a the surface tension, y

the molecular volume, KT the thermal energy, and d the mass density of a droplet.
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The form of A(x) depends on the growth law. For continuum growth:

Ac~x) - 2T OpGCv T OxI/3. (3) "

For kinetic (free molecule) growth:
I 83T

Ak(x) W .. DO2 ( - )1/2 C v a (1kx 2/ 3 . (4)
T P I rm1

Here, m1 is the monomer molecular mass and KT the thermal energy.

Equation (1) is coupled to the conservation equation for monomer:

ds
- -Xt)n(xt)dx -- X (x*,t)n(x*,t), (5)
dt x

x is the mass of the smallest particle that obeys the growth law, Eq. (2).

Two important moments of n(x,t) are the total particle number concentration, Mo. and mass

concentration, MI. From (1) and (5):

i*
-- ( vSx *twl)n Ot) (6)

dt

d
-(Cvs + MO) 0.()

dt

Equation (7) reflects the conservation of total mass concentration.

Equations (1) and (5) constitute a nonlinear integrodifferential equation for n(x,tl,. The

asymptotic properties of (1) and (5) with the linearization:

exp(K/xl/3) Z I + K/x1 / 3  (8)

and x* 0 0, were apparently first investigated correctly by Litschitz and Slyozov, 1958 (LS);

subsequent Investigations have not modified the LS results. Asymptotic solutions are obtained in

terms of the similarity variables:

T -31n ( (t)),

p - Op !.pc.

i is implicitly related to t through the dependence, Dpc(t). Opc is the critical particle diameter

separating the regions of evaporation and condensation. From (2): 7.

Opc - 4oy/KTlns (9)

or, with the linear approximation, Eq. (8):

apc oY/T(s*1).

The distribution is transformed with the assumption that asymptotically (t-•,):

n(x,t) - (2/7d) V(lt)P(p)/DpcDp . (10) .,
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For the continuum growth law: A(x) - x1 13 , and the LS result Is

33e
P(P) - exp [-1/(1-2p13)]1( 0+3) 7 13 (3/2- 0 ) 1 113  (11)

and NH * lit, valid for the linearization, Eq. (8).

For kinetic (free molecule) growth: A(m) - x2 13 , and it is easy to show that "-

P(p) - 24pexp[3/(2"p)/(2"P) 5  (12)

and HN(t) - t-3/ 2 , valid for the linearization, Eq. (8).

From numerical studies of the condensation/evaporation problem with vapor conservation, we

conclude the following:

1. Starting with some arbitrary initial distribution, for long times, an asymptotic limit dis-

tribution Is approached which agrees, for the linearized Kelvin term, with the analytical

similarity solutions for continuum and kinetic (free molecule) growth laws. At this asymptotic

limit, details of the initial distributions are completely *forgotten.

2. The time evolution, starting with some arbitrary Initial distribution, involves two epochs. In

the first, the total number concentration remains sensibly constant. In the second, particles

begin to be lost from the distribution and the rate of decrease of total particle concentration

approaches that predicted by the asymptotic similarity theory.

3. The time necessary to achieve the asymptotic similarity solutions for continuum and kinetic

(free molecule) growth laws Increases with increasing dispersion in initial particle size

distribution.

4. For long times, the differences in the distributions resulting from use of nonlinear end linear

Kelvin terms (Eqs. (2) and (8)) in the growth law are confined to a boundary region near x*,
outside of which the distributions are very nearly Identical.

S. As is implicit in the similarity theory development, no unique asymptotic limit distribution

occurs In the transition region of Knudsen numbers. This is borne out by cur numerical simula-

tions using transition region growth laws.

6. For conditions where coagulation may be neglected, it does not appear to be necessary to

Include competitive effects in describing aerosol growth by condensation/evaporation.

Ostwald Ripening with Coalescence

Numerous studies have been concerned with the asymptotic stages of growth by condensation/eva-

poration 3f droplets or particles following their appearance by a homogeneous nucleation process.

Comparatively less attention has been given the associated problem of growth when both condense-

2.
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tion/evaporation and coalescence occur. For aerosols we have carried out the first quantitative

1 study of the Ostwald ripening problem with a realistic coalescence process.

r' We have investigated the Isothermal spatially homogeneous growth of particles suspended in

supersaturated monomer vapor and inert host gas. The process is described by the evolution equation

for the singlet density function n(x,t):

+ -[(xs)nxt)] a b(x-x',x ln*xox°,tlnlx',tldxl - n(x,,t) b(x',x)n(xl,t)dx' (1)

at ax

where n(xt)dx is the number of particles having masses in the range xdx at time, t. *(xs) is the

* growth law for a particle by the condensation/evaporation process and b(x',x) is the coalescence

rate coefficient for two particles of masses x' and x. x* is the mass of the smallest particle in

the population and s is the supersaturation ratio of monomer vapor. We do not consider here com-

i. petitive growth effects, as the theory for this is lacking when coalescence is significant.

".' Equation (1) is coupled to the mass conservation equation for monomer vapor:

ds
- *- f~ ~(x~~n~~tdx - x (x*,s)n(x*,t)(2

dt X*

where CV Is the equilibrium bulk vapor concentrations.

Equations (1) and (2) obey the mms; conservation "

d
- (Cvs + I) '0
dt

. where KI - *f xn(x,t)dx is the mass concentration of particles. An important additional moment of

n(x,t) is the total number concentration, N(t)l* JX n(x,t)dx. It follows from Equation (1) that:

dN
-- *(,s)n(xl -t ' b(x'.x)n(x',t)n(xt)dxdx'.

dt X*x

For continuum condeniation/evaporation:

.. ,(x,S) - 47rl Vs-exp K.-

where x * (4¶/3)R 3d, 0 is the binary diffusion coefficient of monomer in host gasI is the

Kelvin coefficient for the dependence of vapor pressure on droplet curvature. md d is the mass density

of a particle with radius R. The rate coefficient for coalescence is that appropriate to the

continuum Brownian process:
S~1 1 ;

b(x',x) a 2kT/3 14l(x 1/ 3  + x '1/3 ) (eI+ I

where kT is th& thermal energy and p is the viscosity coefficient of the host gas.

Equation (1) may be put into nondimensional form through the substitutions: p- xfx0, a- 4n

OCv(314ydio 2 )I1 3 t. *" ion(xt)/No. xo is the initial mean particle mass and No the initial number

30

.................................................................



concentration of particles. In these variables, Equation (1) becomes:

+ 2 p 1[ 3 (s-exp(K'/pl/ 3 ))I(P,,)] .fp1 2  bl(ppl.p) (p'p",T)dp'-((p'¶)

* h . '(3)

where

o U T Z/ 3 /3wPOCV(3/4ffd)1/ 3

The coefficient a is a measure of the relative rates of coalescence to condensation/evaporation. In

Equation (3), for a-> -, the coalescence process becomes dominant and for a-)> 0, rly the conden-

sation/evaporation process remains with results previously described.

A question addressed by others using scaling arguments is which mechanism - condensation/eva-

poration or coalescence - will be dominant for intermediate values of a. The conclusion from these

analyses is that asymptotically coalescence will dominate at higher particle mass concentrations

that is for large values of cA. We show here that this is not the case and that apparently

coalescence can only be dominant asymptotically for the growth laws studied for vanishingly small

rates of the condensation/evaporation process. This is illustrated by presenting a result from

numerical solution of Equations (1) and (2) for the stated growth laws. Parameters used yield:a t,

0.31, T - 5.3 x 103 t. s(t-O) - 10, K/Ro a 1.0o
;.9Jo

For this syst, ', condensation/evaporation and coalescence are competitive processes and it is

not obvious which is dominant. Since, separately, condensation/evaporation and coalescence both

give the result, N(t) - t" 1 , for the continuum diffusive cases, scaling arguments are insufficient 4..
to establish which of the two mechanisms is dominant asymptotically. '

Figure 1 shows the contribution to the total rate of change of N, dN/dt, by each of the two 5-

processes - condensation/evaporation and coalescence. The continuous curve is that for the ratio of

coalescence rate of change of N to the total rate and the dashed curve that for the condensa-

tion/evaporation processes according to Equation (1). Clearly. the contribution of coalescence to

the change of N decreases with time while that for condensation/evaporation increases. Therefore.

previous conjectures on the dominance of either of the two processes appear to be incorrect for

these continuum diffusive growth processes.

GROWTH OF AEROSOL IN LAMINAR COAXIAL JET

Our studies of aerosol growth in a laminar coaxial jet have been described in previous CSL

Proceedings and in publications in the scientific literature. These may be consulted for descrip-

tions of the experimental system.
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In our studies of growth of multicomponent oil aerosols (including oils such as dioctyl

phthalate, dihexylphthalate, dibutyl phthalate and squalane) we have found that in binary oil

mixtures the total particle number concentration decreases slightly (up to 80% by volume) and then

rapidly decreases (at greater than 80% by volume) as the proportion of the more volatile component

increases. Also, the number and volume mean diameters increase as the proportion of the more

volatile component increases. The variance of the distribution decreases as the proportion of the

more volatile component increases. In all cases, increasing the oil vapor concentration in the jet ,'

increases the number and volume mean diameters and decreases the total particle number concentration

and variance of the distribution.

A patent disclosure and a paper for publication have been submitted concerning large increases

in apparent nucleation rates prod-;ced by addition to oil vapor of small amounts (5 1% by volume) of

classes of organic acids. We have demonstrated that this effect is strongly dependent on tempera-
*-.

ture. Above a certain critical temperature, the additive causes a very rapid increase (by an order

of magnitude over a - 100C interval) in total particle number concentration and a decrease in mean

particle diameter of the oil aerosol.

We have also carried out the first measurements of variation of composition with particle

size in a binary aerosol. We find a relatively large variation of composition with particle size,

the smaller particles in the aerosol containing a relatively large concentration of the less vola-

tile component. This ohenomenon is now being studied theoretically as the final step toward publi-

cation.

GENERATION OF FERROMAGNETIC CHAIN AEROSOLS

We have carried out studies of the generation and growth of ferrumagnetic chain aerosols using

two different experimental systems. In one, condensation of iron vapor is carried out in inert gas.

Gas flow rate, gas pressure and furnace temperatures are varied. Results from these studies have

been reported in previous CSL Proceedings. In the other experimental system ferromagnetic chain

aerosols are generated in a stopped flow reactor in the aqueous and other phases by the reaction of

borohydride ion with dissolved cations, Fe++, Co**, Ni*+ for example.

In the iiquid phase process, we have studied the effect of variation of reaction conditions on

primary particle size. For production of iron particles, the variation of mean primary particle

size with reaction temperature is shown by Figure 2. Over a w 40 0 C change of temperature, the

primary particle size varies by a factor of 3 from - 300 A to -,900 A This reflects the relation-

ship between the temperature dependence of the reaction rate coefficient for Fe+ reduction by

borohydride and the nucleation rate. The effect of variation of Fe÷+ concentration on primary
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particle size is shown in Figure 3. Over a narrow range of Fe" concentration,,, 0.02 0.04

N,the mean primary particle size changes from - 1300 A to - 400 A, and above and below this concen-

tration range,changes very little with concentration.

We have investigated the variation of primary particle size with particle composition for

binary particles of Fe + Co and Fe + Mu. Above - 60% Fe, for both binary systems, the mean primary

particle size increases by a large factor from -80 A to 560 A for the 100% iron particles. This
* S.'.

-S.'

behavior is in fact analogous to that found for binary oil aerosols. The large change in particle

size reflects the change in nucleation rate with variation of composition. Wehave developed a

model to explain these results.
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TURBULENT MIXING IN CLOUDS

J Lathamn
Physics Department, UMIST

Manchester M60 IQD, England

rN.

ABSTRACT

Turbulent mixing of cloudy and cloud-free air may play an important role in
determining the overall dynamical and microphysical behavior of warm clouds. We
present a model of turbulent mixing based on laboratory and theoretical studies of
chemically reacting shear layers, extended to include the effects of buoyancy instabil
ities and droplet sedimentation. It is found to be consistent with recent observa-
tions of microphysical variability in natural clouds.

1. INTRODUCTION

The ideas and investigations described herein are abstracted from a more detailed

paper by Baker, Breidenthal, Choularton and Latham 1'"., J Atmos Sci, 41, 299-304).

Entrainment of environmental air into clouos a.jc subsequent turbulent mixing of

clear and cloudy air are important to overall cloud dynamics and possibly microphysi-

cal development in water clouds. In the past, mixing has been parameterized in

several ways, usually in terms of a prescribed or calculated mixing time or mixing

velocity, but the actual physical processes producing the mixing have received little

or no attention.

One of the oldest and most popular approaches to the study of turbulent mixing is

via the concept of gradient diffusion, for which turbulent motions must be small in

scale compared to the distance across which the concentration of the diffusing quan-

tity changes significantly. Gradient diffusion describes an average over rany real-

izations of mixing events and cannot give an accurate description of processes (such

as phase change) which are nonlinear in the concentrations of the fluids being mixed.

It, a recent paper, Broadwell and Breldenthal (1982) proposed instead a simple new

model for turbulent mixing in the shear layer, with predictions which are in reason-

able accord with laboratory experiment. For a full account of this model by Baker et

al, and its application to mixing processes in clouds, the reader is referred to these

two p&pers.

2. SPECIFIC MIXING PROCESSES IN CLOUDS

In this brief section, we identify illustrative mixing situations which occur in

natural clouds, and estimate values of the parameters which govern the mixing.
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"We discuss first the Kelvin-Helmholts instability leading to entrainsAnt at the

top of layer clouds. This case is directly analogous to mixing in the laboratory

shear layer, except that here one of the fluids is considerably more turbulent than

the other. If AU is the difference in horizontal wind velocity across the shoir layer

and L its thickness, then •L - L/AU. Measurements in stratocumulus (Brost et al,-S

19821 Caughey et al, 1982) show: AU - 4-8m s-, L - 15m, so T' 2-4s. The ratio of

cloudy to clear air in the mixing region is of the order of unity. The cloudy air is

heavier than the air above cloudtop, so that buoyancy effects impede rather than

accelerate mixing in this first step. The process will not appear diffusion-like but

will occur within discrete vortices bounded by the shear-layer.

This very small-scale cloudtop mixing is coupled with large-scale convective

motions in the form of up- and down-drafte, which are thought to behave basically like

thermals. We next focus on scales for mixing between these thermals and their sur-

roundings, and consider entrainment of cloudy air into downdrafts and mixing of en-

trained parcels into cloudy updrafts. Laboratory experiments on jets (Broadwell and

Breidenthal, 19821 Broadwell, 1982) show that the composition of the jet at any cross-

section is quite uniform, but that engulfment distorts the instantaneous Ishapew of

the jet on scales comparable with L, the radius of the jet, or thermal. Thus,rL -

L/W, where W is the relative velocity of the thermal and the background. These

vertical velocities vary between 0.5 and 10m sa in cumulus (Auatin et al, 19821

Boatman, 1981); so for L - 100m, To 10-200s. The ratio of newly entrained to mixed

plume fluid is less than one. Thus, we expect to see uniform regions bounded by sharp

edges and characterized by microphysical and dynamical parameters distinctly different

from those in the air being engulfed, which is consistent with the cumulus observa-

tions discussed earlier. Buoyancy effects may be important in this case.

Convective instability causes cloud scale mixing in times short compared with the

adiabatic cascade time. During the mixing process tongues of fluid of roughly cloud

scale are broken down into local patches, which continue to break down until the

Kolmogorov scale is reached. If ine such patch finds itself in a region of fairly "

homogeneous turbulence in which the energetic eddies are small, then the mixing pro-

cess there will be similar to diffusion, as found by Baker and Latham (1982). On the

other hand, in cases in which geometry imposes a global scale, such as in the shear

layer or thermal, the mixing cannot resemble diffusion, as noted above.
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3. THE INFLUENCe OF NIXING ON CLOUD DROPL3? SPECTRA

In this section we review evidence for spectal variability resulting from mixing

processes in natural clouds, examine the effects of the Broadwell-sreidenthal mixing

mechanim, buoyancy-induced mixing and sedimentation upon droplet spectra, and endeav-

or to draw together these arguments in an overall assessment of spectral change

resulting from the mixing of cloudy and droplet-free air.

Pine scale measurements in cumulus (Austin at al, 19821 Rodi, 1981),

stratocumulus (Caughey et al, 1982) and cap clouds (Baker et al, 1982) show that often

the liquid water in a penetration at constant pressure can be classified either as

*uniformw or as 'highly variable', with few measurements falling between. In the

first type of observation, the variability is very low; typically low enough to be

attributable to random sampling errors. The average value of the liquid water can be

approximately equal to or substantially below that expected if cloud growth had

occurred without entrainment of outside air. In the second class of observations,

usually those made under conditions in which direct entrainment effects are thought to

be important, the variability is much greater and vorticity higher than in the first

class, and the values of the liquid water fluctuate between almost zero and a value

characteristic of adjacent, uniform regions. The transition between uniform and

adjacent highly variable regions is usually quite abrupt. The picture is not consis-

"P tent with one in which entrained air diffused smoothly throughout a given level.

An important finding in the variable regions is that the measured droplet spec- .-.-

tral shape remains quite constant in spite of the large variation in total drop

number. The constancy of shape is most evident for small drops and low turbulence .-

levels.

The foregoing features of the droplet spectrum - which have not been explained in .

terms of specific mixing mechanisms - are consistent, qualitatively, with the

Broadwell-Breidenthal description of mixing. In the absence of significant effects

due to buoyancy-induced mixing and sedimentation, it is clear that at all times during

the mixing process, i.e. during the breakdown of the inhomogeneity from scale L to K'-

a measuring instrument with resolution,large compared to the Kolmoqorov scale will

see" an average spectrum in the mixing region of the same shape as that in the

original cloudy air but simply diluted by unresolved filaments of cloudfree air.

Recent measurements using a laser holography system (Conway et &L, 1982) show that in
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cap clouds, significant structure exists in droplet spectra on scales down to lca, and

slide measurements by Warner of small-scale structure in cumulus appear to show that

" structure exist* on scales above lm. These small-scale structures would not be re-

"vealed by any standard particle measuring system such as those in genezal use in cloud

.. physics experiments. Thus, whether or not the clear air is saturated, the droplet -.

* spectrum measured by typical devices during the first part of the mixing process may

be very similar to that in the adjacent high liquid water content regions. 1he number

of droplets, however, will be diminished in the ratio of cloudy-to-total air averaged

over by the measuring apparatus. When the Kolmogorov scale is reached, all the

droplets in the region of scale L experience the same environment. If this is under-

saturated, there will be uniform evaporation. This will produce a region of scale L

in which the (fairly uniform) spectrum is shifted to lower sizes than would be found

if mixing had not occurred. The foregoing presents a physical mechanism to explain

observations of spectratl preservation in situations of fluctuating liquid water con-

tent, which gave rise to the concept of inhomogeneous mixing advanced by Baker et al

(1980). If the environmental air is saturated the results of the present model are r

consistent with those of the dilution-mnly picture of Telford and Chai (1980). Some

evidence for this mechanism is found in Montana cumulus where liquid water variability

is primarily due to variability in droplet number at the smallest scales measured (2m)

but is also due to spectral shift at larger scales (Austin et al, 1982).

If the largest eddies responsible for mixing of two parcels are small, both with

respect to the scale of the parcels being mixed and to the resolution of the measuring

instruments used, then the measured gradients of conserved quantities near the mixing

region will appear diffusion-like. Baker and Latham (1982) have shown that under

these circumstances, droplet spectral variability can also be adequately reproduced by

a diffusion model of the mixing. However, diffusion is not in general a aatisfactory

representation of the turbulent motions bringing the fluids into contact.

The foregoing discussion has revealed considerable support for the Broadwell-

Breidenthal mixing model in explaining the observed spectral shapes and variability in

clouds. In the absence of buoyancy-induced mixing and sedimentation, it predicts that

an individual mixing event between volumes td and Vc of dry and cloudy air will

result, at the Rolmogorov time, in a homogeneous volume Ud + V. Let R /

(Va )I S is the undersaturation, p 9 the saturation vapor density of the droplet-free
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air andp, the liquid-water density of the cloudy air. If, crudely, R < 1, there will

be a finite amount of liquid water in the mixed volume and the droplet spectrum will

have shifted to smaller sizes, according to the classical droplet growth equation.
If, on the other hand, R > 1, which corresponds to a vapor deficit exceeding the water

content of V-C the final result is a homogeneous region of undersaturated air con-

taining no droplets. Since mixing events can occur with a range of values of R, the

overall result of the Broadwell-Breidenthal model will be a distribution of homo- t

geneous regions of various sizes, liquid-water-contents and undersaturations.

For a consideration of the influence of sedimentation and buoyancy-induced mixing

upon this picture, the reader is referred to the arguments of Baker et al.

4. CONCLUSIONS

A simple model of turbulent mixing in the presence of buoyancy instabilities and

sedimentation has been proposed to explain observed dynamic and microphysical variabil-

ity in warm clouds. Rough estimates of droplet spectral variability caused by mixing

indicate that sedimentation and buoyancy effects may be aa important as shear-induced

effects under a range of realistic conditions.

The results predicted will not be fully consistent with existing treatment [(e.g.

classical mixing, Warner (1969); inhomogeneous evaporation; Baker et al (1980); dilu-

tion only, Telford and Chai (1980)]. The model suggests specific numerical laboratory

and field tests, now underway, to evaluate the significance of the contributing pro-

* ceases.

While this note has largely addressed the microphysical consequences of the

model, the macrophysical implications may have more significance. The model suggests

that the mixing process is initiated by global engulfment of discrete parcels of

fluid. The ultimate result of the process is production of identifiable entities of

more or less homogeneously mixed fluid.

One would expect to find results closest to those of the simple Broadvell-

Breidenthal picture close to the top of shallow layer clouds in which the entrainment

instability criterion is not satisfied, and so the contributions from both buoyancy-

induced mixing and droplet sedimentation (EA5pm) will be small. Under these condi-

tions a picture close to that of the extreme inhomogeneous kind would be found on very

small scales. However, as the averaging scale is increased, an increasing proportion

of the liquid water changes would be due to changes in spectral shape.
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At the top of deep convective clouds in which the cloudtop instability criterion

. is satisfied, buoyancy-induced mixing and the sedimentation of large dropa will both

" be important, and a picture closer to extreme inhomogeneous evaporation is to be

expected on all scales. The connection between 41obal structure and entrainment is

strong. . ..
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by
Steven Hanna and Jonathan Plots

Environmental Research and Technology. Inc.
696 Virginia Road, Concord, MA 01742

ADSTRACT
This paper concerns an analysis of concentration fluctuations observed during mooke Weak III.

Parts of this analysis have been published as follows:

Hanna, 8.R., 1984a. Concentration Fluctuations in a Books Plum. Atmos. Wnviron.. 18, 1091-1106.

Hanna, 3.R., 1964b. The EXponentlal Probability Density Function and Concentration Fluctuations
in Smok• Plums. To be published in Bound. Lay. Ne-torol.

Hanna, 3.1., 1984c. Observed and Modeled Concentration Fluctuations in a Small BSoke Plume.
ProceedinAs of Fourth Joint Conference on Asilications of Air Pollmtion neteoroloaw. As. Neteorol.
Soc., 128-131.

Further characteristics of observed concentration fluctuations are presented in this paper,
including masures of the probability distributions of the instantaneous plume width, the plum
centroid, the maxima concentration, and the cross-wind integrated concentrations.

1. INTRODUCTION

The U.S. Army ts interested in concentration fluctuations in smoke plume primarily because of

their effects on visibility weapons systems, and remote sensing devices during smoke screening

operations. In previous published reports (Hanna 1984s, 1994b, 1984c) general models and data sets

concerning concentration fluctuations were reviewed and a new model developed. The new analytical

model was shown to simulate observations in U.S. Army experiments quite well. It. this paper the U.S.

Army data are further analyzed in order to present specific statistical results that would be useful to

researchers studying the response characteristics of remote sensing devices.

C.

The U.S. Army tested several types of munitions and sampling devices during the Smake Week III

experiment at Iglin Air Force Bass, Florida. We selected date from two trials in which fog oil was

released continuously over a period of about five minutes at a height of 2 a (Sutherland et al. 1981).

The atmosphere was slightly unstable during both trials. One-second average concentrations were

observed on two lines of aerosol photometers at distances of 70 m and 100 m from the source in Trial 2

and 30 m and 60 m from the source in Trial 4. We emphasize the far line of monitors, sinco it has 33

aerosol photometers with 9 m spacing. Beause the source operates for only about 300 sec in these

experiments, we consider data only from the time marking the first significant impact (C > 15) anywhere

on the line to the time marking the last impact. We use a threshold of C equal to 3 to calculate the
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intermitttncy, 1, Which is defined as the fract. on of non-zero concentration observations, since

' Olspurious values of C equal to 1 or 2 seem to represent "noise." more dc ails on the experiments are

"given by Hanna (1984b. 1984c).

Figure I is an example of a time series of concentration observations from the data set studied in

S this progras. The observed concentrdtion fluctuations are due to both meander ing and in-plume

",turbulence. Melandering• is defined as the swayiLng back and forth of the entire plume, leadingl t~o

S relatively long periods of either high concent~ratiLons or zero concentrations at a givenm onitor. The

in-plume turbulence causes large short-tarm variations in concentration within the plume (e.g., at

times ranging from 70s to 1409 in Figure 1).

A measure of concentration fluctuations is the standard deviation o€" In the smoke weak data

the ratio of the standard deviation to the mean, ol C, was about 1.3 on the average plume axis andc
about 5 on the plume edges. The intermittency, 1, was about 0.6 on the average plume axis and about

0.1 on the plume edges. The following simple model wos shown by Hanna (1984b. 1984c) to satisfactorily

fit these data:

1 0.60 exp (-y 2 /2+•) (1)

OC/ -3 exp (y 2 /2o4)-t)1/ 2  (2)

where y is lateral distance from the average plume axis and oa is the standard deviation of the

lateral distribution of the average plume concentration. The variation of a2 with averagingc

time, T, was shownt to be well-simulated by the formula:

1 2 U- (I-exp (3)

2 "T

Where Tl is the integral time scale.

2. FURTHBR RESULTB

In addition to the results summarized above which were previously reported, further calculations

have been made using these concentration data. For example, the variability of the Instantaneous

cross-wind concentration distribution is shown in figure 2. This figure suumari:ss all the cross-wind

"- instantaneous distributions in Trial 4 by normalizing all concentrations by the maximum concentration

* at a particular second and normalizing the cross-wind distance by tho instantaneous a 1* There are

over 200 individual distributions included in this figure. with the mean and plus and minus the

standard deviation of all the observations at each lateral distance shown. The calculated skewness and
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are shown. A best-fit normal curve is also plotted.
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kurtosis are 0.12 and 5.3, respectively. The major difference between the observed distribution and a

normal distribution (also shown on the figure) is the large number of observed cases at the tails or

edges, as reflected by the large kurtosis (for a normal distribution, the kurtosls is 3.0).

A summary of a variety of plum statistics is given i.. fable 1. The date in the first line

(cross-wind integrated concentration or CVI Cone.) remove the effect of lateral imandering and deal

solely with the vertical component of the turbulence. The value of a /Z (CVI Cone.) for this

component is 0.55 for Trial 2 and 0.48 for Trial 4. This ratio would be expected to decrease at

distances farther from the source. The last column in the table gives the Integral time scale, Tie

which is defined here as the time Ia at Which the autocorrelogrmi drops to 0.37 (for an exponential

autocorrelogrem, exp (-t/T ) equals 0.37 when t/T 1 equals one, where t is the time Iag). For these

two experiments. T, equals about 7s.

TABLI I. SUMMARY OF STATISTICAL ANALYSIS OF SHOKS W9EK III

TRIAL 2 AND TRIAL 4 DATA

Integral ,
Standard Time Scale

agm. DeviationL (,)

CWI Cone. Trial 2 161 89 .4 2.7 7.0
Trial 4 212 101 .6 3.2 V.5

Y-centroid Trial 2 - 26.8 -1.8 7.8 42
(Ycr 2) Trial 4 - 22.5 -2.6 16.5 32

Oyi(a) Trial 2 9.7 5.1 .9 3.6 17
Trial 4 5.8 2.1 .5 3.0 7

Width Trial 2 45.9 19.5 .3 2.0 20
(WI, a) Trial 4 31.5 10.7 1.3 6.5 5.5

Coax Trial 2 77 48 1.1 4.6 4.5
Trial 4 128 61 0.5 3.3 4.5

The next row in Table I deals with the vaciability of the instantaneous plume centroid position.

Which is dominated by Lateral meandering. Note that the integral time scale here is about 30 to

40s, or a factor of 5 to 6 above the integral time scale for the vertical compcnent or CWI Cone. When

meandering is present at all time scales, as it usually is in the atmosphere, the calculated TI

becomes a function of the sampling time, v.htich is about 300a for these experiments. If the sampling

time doubled, the calculated TI for the plus* centroid positions would also double. The skewness and

kurtosis of the centroid positions suggest that the distribution is non-Gaussian with a relatively

large number of observed centroid positions at the tails of the distribution.
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The next two entries in the table are the standard deviation a and the total width, W I of

the lateral distribution of material in the instantaneous plume. The ratio of Wi to averages

5.0, in agreement with the findings of the Nuclear Regulatory Comission for atmospheric wind direction

data (Mark.e 1963). The variability of individual measurements of o is fairly high, since the

ratio of the standard deviation of a to the mean Oy is about 0.S. The integral time scale

for a variations is closer to that for CWI Cone. variations than that for y variations, since S'.

the fluctuations in instantaneous plume sLe are due to turbulent eddies wuch smaller than the eddies

responsible for the maendering.

Statistics for the maximum concentration C., in the instantaneous pluew are given in the last

row in Table 1. Because the zaxir concentration is most strongly influenced by smaller eddies, the

integral time scale for these data is relatively small (4.5a). The ratio of the standard deviation of

C to the man of C,,x is about O.S. in agreemnt with saiilar ratios for CUT Cone. snd oy,.

3. FUTUR 9XPIRI•N"U"

The information given above is only an exaqple of the types of :alculations that can be made with

the U.S. Army Smoke Week experiments. Depending on the interests of the researcher, many other

characteristics of the concentration fluctuations could be similarly parameterized. However, there are

improvements in the data that could be made in future experiments:

"e The source strength should be maintained as constant as possible.

"a Arcs of monitors should be located at distances of about 20, 200 and 2000 a.

"e Fast response measurements of concentrations in discrete particle size ranges should t* a*.

"e Lidar cross-sections of the plume concentration distribution would be of interest.
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WIND TUNNEL SIMULATION OF DIFFUSION IN A CONVECTIVE BOUNDARY LAYER

N. Poreh and J. E. Cermak
Colorado State University
Fort Collins, CO 80523

ABSTRACT

This paper describes simulation of diffusion from ground level and elevated soutces within a
convective boundary layer. The work has been presented and published as follows: '-

P. Poreh and J. E. Cermak, Wind Tunnel Simulation of Diffusion in a Convective Boundary Layer, 29th
OHOLO Biological Conference, Zichron Ya'Acov, Israel, 25-28 March 1984. Proceedings will be published
in Boundary Layer Meteorology (1984).

J. E. Cermak, P. K. Shrivastava and M. Poreh, Wind-Tunnel Research on the Mechanics of Plumes in
the Atmospheric Surface Layer. Fluid Dynamics and Diffusion Laboratory, Department of Civil
Engineering, Colorado State University. Fort Collins, Colorado 80523, Report CER83-84JEC,PKS-MP12,
Chapter 5, December 1983.

DESCRIPTION OF WIND TUNNEL SIMULATION

When the wind speed is very weak and the temperature of the ground is higher than that of the air,
the upward flux of heat becomes one of the important physical parameters which determines the turbulent
structure of the unstable boundary layer near the ground and the mechanics of transport processes within
this layer. Usually such an unstable layer is capped by an inversion at height h above the ground,
which acts as a lid for upward fluxes and pollutants. Such a capped unstable layer is also termed a
convective boundary layer (CBL). The CBL is composed of several layers: the surface layer, where the
wind shear plays a 4ominant role; the free convection layer, extending to approximately 0.1 h, where
the st:,'ar is no longer important but the height z is a significant parameter; the mixed layer, where
turbul ... . structure is independent of both height and shear; and the entrainment interfacial layer.

1/3The characteristic velocity scale of the CBL is usually defined as w* = (hg Wr/8)/, where
PC P '0 is the heat flux and 0 an average potential temperature. The Monin-Obukhov len th L, which

characterizes the thickness of the surface layer is L = -(v*)ae/kgw I", where v* = (T p) is the shear
velocity. Previous studies of diffusion in the CBL are based on physical simulatinnA in a water tank
with no mean velocity and shear [Deardorff and Willis, 1975] and numerical simulations [Deardorff, 1970,
1972; Lamb, 1979]. The present simulations were done in the Meteorological Wind-Tunnel (NWT) at Colorado
State University. The CBL was created by heating a 12.3 m section of the 27 m long wind-tunnel floor to
approximately 150C. Two floor configurations were used: a smooth floor and a rough floor. The
characteristics of the simulated layers were:

Smooth Floor Rough Floor

Mean Velocity U (m/sec) 1.9 1.7

Shear Velocity V* (in/sc) 0.085 0.115

Convective Velocity w* (m/sec) 0.25 0.28

CBL Height h (m) 0.75 0.90

h/L 11 6

A neutrally buoyant hydrocarbon tracer was released at three source heights zs = 0, 10, and 20 cm

above the floor. Concentrations downstream were measured by gas chromatography.
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EXPERIMENTAL RESULTS

The velocity and temperature measurements revealed that the wind-tunnel flow displayed the major
characteristics of full-scale convective boundary layers [Lamb, 1981], although some effects of the
upstream rough wind-tunnel floor were recognized for the smooth floor configuration, and the inversion
above h was not very strong.

Concentration profiles at 6 stations downstream of the sources revealed the unique features of
diffusioD in a CBL. Figure 1 shows selected dimensionless concentration profiles at the plume centerline
C(x,z,o)Uh 2 /Q, where Q is the dilcharge rate of the source. The dimensionless distance denoted in
these figures by X is defined as X = xw*/(Uh). One sees that at X > 0.5 the maximum concentration is
no longer at ground level. Comparison of the maximum ground-level concentration distributions in Figure 2
shows that at certain distances from the sources elevated sources give higher ground-level concentrations
than ground-level sources of the same strength. These phenomena, discovered 'irst by Deardorff et al., '.1%
cannot be predicted by gradient-type or Gaussian models. Measurements of laWeral diffusion, presented in
Figure 3 for the smooth floor configuration, show that contrary to observations in neutral boundary
layers, the initial cross-wind diffusion i.- the CBL is larger for ground-level sources than for elevated
sources. Similar results were obtained for the rough floor contiguration although h/L was smaller.
The measurements for the ground-level souir.. appear to be in agreement with the Prairie Grass
measurements reported by Barad.

Measurements in this work were limited to X 0(l). It is planned to extend the measurements to
larger values of X and to increase the stability of the inversion above the CBL layer to obtain a
better simulation of the diffusion in mixed layers.
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CRITERIA FOR WIND-TUNNEL SIMULATION OF PARTICLE PLUMES
IN THE ATMOSPHERIC SURFACE LAYERV

H. Poreh and J. E. Cermak
Colorado State University
Fort Collins, CO 80523

ABSTRACT

This paper discusses requirements and constraints related to wind-tunnel simulation of different
classes of particle plumes. The work has been published in Appendix A of the following report:

J. E. Cermak, P. K. Shrtvastava and N. Poreh. Wind Tunnel Research on the Mechanics of Pliumes, in 4(the Atmospheric Surface Layer, Fluid Dynamics and Diffusion Laboratory, Dept. of Civil Engineering,

Colorado State University, Fort Collins, CO 80523, Report CER83-84JEC-PKS-MP/12, December 1983. N

CLASSIFICATION OF PARTICLE PLUMES'

The analysis focuses on steady, stable particle plumes (PP) from elevated sources. Two perameters
affect the behavior of such plumes:

-- The relative velocity r = V /U where Vg is the fall velocity of the individual particle, and U
is a reference mean wind vel 8city at the height of the source.

-- The relative (negative) buoyancy of the initial air-particle source. The buoyancy for steady state
sources is determined by the buoyancy flux. Heavier-than-air particles will cause negative
buoyancy but when mixed with hot air or other gases, positive buoyancy can result.

Based on the relative significance of these factors, four classes of PP have been recognized, see
Figure 1.

PRP Passive Reference Plumes
BP Buoyant Plumes

HPP - Heavy Particle Plumes
HPP/BP - Heavy Particle Plumes diffusing together with a Buoyant Plume.

The PRP is the limiting case for both small relative fall velocities and negligible buoyancy
effects. The diffusion of the PRP is identical to that of inert neutral tracers. It has been shown in
previous investigations (Cermak, 1981) that the dispersion of PRP can be simulated in meteorological
wind tunnels. Detailed criteria for such simulations are given in the above reference.

When the concentration of particles in the PP is increased the plume might be exposed to negative
buoyancy effects, although the relative fall velocity of the particles might be relatively small. Such
plumes are classified as Buoyant Plumes (BP) with either positive or negative buoyancy. Simulation of
BP in a wind tunnel is possible by matching the dimensionless buoyancy flux of the plume in the mode,
and the atmosphere.

When buoyancy effects are negligible but the relative fall velocity of individual particles is not
small, each particle will experience a gravity force which will enhance a mean downward motion and an
early deposit on the ground. No interaction between particles is expected in this case and the motion
of the particles is not expected to modify the air flow. Such plumes are classified as Heavy Particle
Plume. (HPP). Clearly, only monodispersed HPP need to be investigated in wind tunnels.

When only a small fraction of a polydispersed PP has a non-negligible relative fall velocity, that
fraction will disperse as a HPP whereas the rest of the particles will be dispersed as a PRP. However,
when the plume is exposed to buoyancy effects, the entire velocity field and the dispersion of the
indivldupl heavy particles will be affected. This case is referred to as a HPP/BP combination.

Approximate limits for the different classes defined above were calculated. The effect of the fall
velocity can be usually neglected when r = V /U < 0.4 o /x, where o is the standard deviation of the
diffusion plume and x is the distance fr~m the sourie. The ratiJ a /x is a mild function of x.
Based on its value at x = 1000 m one finds that PP with r < 0.015 will ýiffuse in adiabatic atmosphere
boundary layers as PRP. The corresponding value of r for stable flow is 0.01 or smaller. Particle
plumes in unstable flows will behave as PRP at larger values of r.
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?I The effect of buoyancy is expected to be recognized when the plume descent 3r rise, AH, will be
larger then 0.4 a Given the buoyancy flux of the plume, F = apgQ/np where ap is the relative
specific density bt the BP and Q is the dlscharge.ti is estimated that effect of buoyancy in neutral
flows becomes significant when F/(Usx) > 0.4 x 10 * The limits of the various types of plumes for
neutral flows are shown schematically in Fig. 1.

I WIND-TUNNEL SIMULATION OF HPP

In ad Itlon to the general requirements for simulation of the atmospheric surface layer (Cermak,
1981) it is essential to maintain for simulation of HPP the same relative fall velocity V /U in the
model and the atmosphere. It is also required, for an exact simulation of the particle motion in the
turbulent flow, that the value of U 2 /gi, where I is the scale of the turbulent eddies, be the same
in the model and atmosphere. This alditional requirement implies thqt the velocity scales in the model
must be proportional to the square root of the length scale; 'U =L

In addition, it is required to maintain a sufficiently large Reynolds number in the model and thus
only large models with relatively large mean velocities can be used. It has been shown, however, that
"when U Z/gL < 0.15 the particle motion will be practically independent of their inertia and will very
closely~tollow the turbulent fluid motion. In such cases it is not essential to maintain the same ratio
of U 2 /gi in the model and atmosphere. The size of the energy-containing eddies at a height h above
the gfound is of the order of h and the effect of eddies smallerthan 0 1 h on the average diffusion of . -

asteady plume can be neglected. Thisimplies that the requirement X = A can be relaxed and replaced
by U 2 /gh < 0.015 (Equation 9 in the full report). Another requirgmentLwhich follows from the work of

" Smithg(1961) is that U /U < 0.15 (Eq. 11).
g

The above constraints were used to calculate the permissible ranges for simulation of HPP in wind
tunnels, as shown for example in Fig. 2 for the case of an elevated source at h = 60 m in a neutral
boundary layer.

It is planned to simulate the diffusion of HPP in the meteorological wind tunnel at Colorado State
University. On the basis of the above criteria, a model scale of approximately 1:500 will be used. The
modeling will be limited to relative fall velocities of V /U = 0.07.

g
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The Orientation Distribution Function of Nonspherical

Aerosol Particles in a General Shear Flow: The Turbulent Case

Isaiah Gallily and 8.1. Krushk-al
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Previous Publications: Krushkal, E.1. and Gallily, I., "On the

Orientation Distribution Function of Nonapherical Aerosol 7.1

Particles in a General Shear Flow. 1. The Laminar Case" J. Colloid

Interface St, 99 141 (1984), and In the Proceedings of the 1983 L

CSL Conference on Obscuration and Aerosol Research.

ABSTRACT

The models

Having performed a study on the orientation density function (o.d.f.) of small, spheroidal

aerosol particles in a general field of an arbitrary strength, (1,2) It became possible to treat the

orientation problem in a turbulent madium. To this end, two interconnected physical models were

applied. In the first "The Realizations Model," It was assumed that the turbulent particle field

constituted an ensemble of an infinite number of realizations, J, each one of which Is characterized

by one set: of the o.d.f., FWJ) (x,t), values. The latter was taken in that model to essentially

coincide with the previously found solution of the Fokker-Planck equation (1,2) in the field of the

realization

31, (j) +V[(WRF a-M()WO()] •- at . .aw),? - ••

where W Is the rotational velocity of the particles and a is their rotational Peclet number

defined by Wo/rDe, W. being a typical component of the (fluid) gradient tensor, rDe an effective

rotational diffusion coefficient and R the particle aspect ratio; W"V" is a gradient componentik

6 dui/ 5 xk(ui- a component of the fluid velocity). The use of the solution is based on the estimate

that, even for the highest (Kolmogoroff) frequency component of ui, the rotational Reynolds number

for the studied particles is small enough to render their motion (quasi) stationary.
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In the second "The icro-turbulence Mbdel," a relation betweea the so-called turbulemat

rotational diffusion coefficient rDt of the particles and the physical characteristics of the fluid

field was supplied. This coefficient and the broanian rotational diffusion one, rD1 , compose the

effective diffusion coefficient rD.

ruDe r0t + rD . [21

Expressing the stochastic quantities of the system as & * F + f , w, + W i',i V WkW 1k

and u 17 ui+ u 1 , it could be shown that the realizations average of F, F (VI 3, r DBR) for a space-

tim point is actually V ikI r De IR) for that point and that

"I rDV . 3 (3

The particles considered were taken to be such smeller than the Kolsogoroff scale; so, the turbulent

rotational diffusion coefficient itself, rDt, was assumed, in the second model, to depend on the

randomizing action of the turbulent pressure fluctuations at the particles' surface .4hich arise from

the (Kolmogoroff) micro-turbulence.

From dimensional analysis it was obtained that

rD 1 (/v2 (4)

t~b

rDta (C/V)l•14 .

where E, the turbulent dissipation energ, is given for an homogeneous steady field by (3)

C V ik~ 5Jo , kVi k :

Applicartons

As the turbulent gradient tensor V 1k is not completely known in many fluid syotems, it was

oaocessary in the present study eithor to supplement the missing data by the results of numerical

simuiations or (reasonable) guesses or both. In cases of interest, there was conducted a paramtric

investigation in which the effect of structure changes in the gradient tensor on the o.d.f. was

tested.
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The numerical simulations of the turbulent field were carried out according to the method of Wang

and Frost (4) where u I a ut (t) Is found. In this method, however, only the three components W 1 .

(i - 1,2,3) could be acquired due to the applicability of the relationehip known as the Taylor

hypothesis, via.
a

6ui uI [61

6 ' 1 -" --u (61

to those components alone.

The rest of the gradient components were extracted either from the experimental findings of

Klebanoff (5) for the studied situations of a turbulent flow over a flat surface as in the atmospheric

boundary layer or from those of Wignansky and Fiedler (6) for the studied situation of a free round

turbulent jet, or from parametric checks as mentioned above. Th, experimentally acquired gradient
, .- '-2 1/2

components are given in the form of & W Ik WIk a end so were taken the rest of the
)A

components. The (turbulent) fluid was assumed to be incompressible, viz. Wi- 0, and it was st that

I I I

a W 17)22" W 3f "2* Aw 11 7

or with reversed signs.

Obviously, since in addition to the average value of F, 7 , or its maximal velue F., sow measure

of the spread of the o.d.f. values is desired, a procedure was adopted in which this (F) function was

calculated for the folloing thrse realization fieldst

. (L~) "WI - e
wik " ik''(2-

.4,o

(2) "A kaW ik' [8b)

and

(3) W Wk Wk .)[8

e'-
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inallyt, to account for any uncertainties in the turbulent field data, the (determining) effective

Peclet number was paramterized by a numerical factor a to be

W
a a -0 1 91

e 0 r[

where W° aW + V W (m( W )o being a typical turbulent component.
0 0 0 0 ik 0

Results

Two physical situations were studied:

1. The near-ground atmospherieboundary layer, in which only

m*

,. WlZ ,. In 01 +-- 1101,

o 0

and

- I

W1 3" _ z kC [111
a 0)

essentially exist, t being the elevation above ground, ui the man horizontal velocity, u the

friction velocity, ko von Karman Constant and o the roughness height.

2. The turbulent round free Jet, for which the Schlichting's solution for the average velocity

components (7) was used. In this solution, the (molecular) kinematic vincosity v is replaced by a

virtual (turbulent) kinematic vlOcoeity e. given in the equation

1/2u)/z '"

- 0.161 J (121
0

where J (-J/ 9 )-1.59 t,/ 2u° , J' is the kinematic fomnttm of the jet, bl/2  is its half-vidth

and u is the average fluid velocity along its axis (b Cx I in which c is 0.63 to 0.79,.as

• . experimentally found).

In the boundary layer situation, both the case of a "weak turbulence", where W -W , and a
0

"strong turbulence-, where W ) W , were investigated.
0 0 I.-
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For the first case, mmerical simulations were e*ployed while for the second one Koebanoff's

experimental data (5) supplemented by simulations was applied. Also, in the latter case, the version

V3 2  W23 W 13 L

orb

"w 2  4 ,2 " .2 (13b)
32 23 11

2K
was taken. The calculations in both cases were carried out with va 0.15 cm2 /sec. , 6 (thickness of

the atmospheric boundary layer) - 10am, zo - 0.1 a, ko 0.4, r0 , 1 sec-,and c de.ucedfromEq. [5].

The calculation time for F was greater than the relaxation time of the particles, LH
and 6e-A*- '/12 or w/24 .

In the turbulent jot situation, the ratio between the various values of V was obtained (6)

through

c 2 WtL" W, (i,k," 1,2,3; i k) 1141
2 ki*

where c 2- I + axp(-200r 2 ) , r being the radial distance within the jet.

For both situations, the absolute values of A Vk were deduced by normalizatlon according to Eq.

(5]. Values of F , and Fu, together with the deviations of F for fields (2)&(3)(above),were calculated

as a function of height above ground (and hence c ) in the boundary layer situation, the aspect ratio

of the particles, I (1>1 for fibers and R1 for platelets), &ad the parometerisation factor o.

Rowever, only the following typical figures are presented here:
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Conclusions

Atmosphere boundary layer (up to 20 a bhe4ht)?

I. The average o.d.f. in a weak turbulent field shws structured (preferred) orientation.

2. The muiAl (and average) o.d~f6 in a strong, coesonlyoccurrinp. turbulent field of the

average realLsation V(l) essentially coincide with the random distribution while the spread ofik "

the values of the function between fields w(2) and w it quite eignrifIcant.This spread of

values may have practical connotations.

3. The values of P* and its deviation* increase with the parameter a• as expected.

Tree turbulent J•": I

Conclusions 2 and 3 of the forer situation apply here too.
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Unipolar Charging for Ultraf ine Aerosolse
Theory, Experiment and Significance for Size Distribution

S. W. Davison
Engineering Department, University of Maryland Baltimore County S

Catonsville, Maryland 21229

S. Hwang, 3. Wang, 3. W. Gentry
Chemical and Nu~c lear Engi neering Department

Uniiversity of Maryland
College Park, Maryland 20740

Abstract

This paper discusses* the theoretical bases of models far diffusion charging
of ultraf ine particles and applies several models to predicting unipalar charge
levels. The model predictions are compared to new experimental data. The
comparison requires calculation of the extent of particle lose in the unipol:r
charger due to electrostatic precipitation. This work has been submitted for

publication as followes

S. W. Davison and 3. W. Gentry. Fundamental Hypotheses on the Charging of
U erf n Particles by Diffusion of tons. Submitted to earjjji lt~ ~ o

Iwsfiaglggy August, 1983.

S. W. Davison, S. Y. H~wang, 3. Wang and 3. W. Gentry. Unipolar Charging of
Ultrafirne Particles by Diffusion of lonot Theory and Experiment. Submitted to
LgaggglE~ July. 1994. Accepted October, 1994.

The next objectives of this work will be the application of the models and
experimentai tichniques to fiberous particles.

Introduction

The electrical aerosol analyzer (EAA) impart, 1lar charge to aerosolI particles by noans of a corona discharge and pre, ; he more electrically
r mobile partic~es 4ram the stream as it passev ged metal plates (thispatr h eisl aldtemblt -prilsetrn hpato h Fini cle h oiiyo prilsetrn h

EMA and those emerging from the mobility c~, an be counted. By changing
the electric field strength In the mobility analyzer a mobility distribution of
the aerosol stream can be obtained, and if the charge distribution on the

aeosol Is known the mobility distribution can be inverted to a size distribu-

tin. U to the present time users of this device have relied upon calibration
curves distributed with It rather than direct knowlede of the charge distribu-

tion. The ability to compute unipolar charge levels as a function of time could

residence time products (Nt) other than those tabulated and also by allowing
* ~corrections to be made for tne effects of different ambient conditions (ion
* ~species effects). V

When a monodisperse aerosol is needed for experimentation It is frequently
extracted from a polydisperse source by a differential mobility analyzer (DMA)

*which selects particles with mobilities between narrow limits. In this device
the aerosol is given a bipolar equilibrium charge and the assumptioni is usually

*made that the number of multiply charged particles is negligible. If it Is
necessary to select particles smaller than the mean size from the distribution,
however, this assumption may not be valid. Therefore It is necessary to know
the equilibrium bipolar charge distribution for small particles. This distribu-
tion is difficult to measure directly. Measurements of unipolar attachment
rates will help to calculate it.

To calculate unipelar charge levels it is necessary to obtain transient

solutions of a system of di~ffetential equations. Among the parameters o4 the
system are the ion attachment coefficients. Calculation of these coefficients
requires the adoption of somes model of the mechanism of aerosol charging. Saev-

*ral such models have been formulated. Four are used here (Fuchs, 19631 Gentry,
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19721 Hoppel, 19771 Laframboise and Chang, 1977). The derivations of these
theories are discussed in detail elsewhere (Davison and Gentry, 1983). Simula-
tions of aerosol charging In accordance with these theories were used to identi-
4y parameter regions of interest. Some of the simulations are presented with
the experimental data.

Experimental Apparatus and Procedure

Experiments were carried out to measure the unipolar charge level of a
sionodisperse, aerosol as a function of size and Nt value. A schematic of the
apparatus appears as Figure 1. The aerosol was generated by vaporization and..
recondensation o4 silver and a monodisperse stream was extracted by an alectri-
cr! aerosol classifier (EAC). The monodisperse aerosol was neutralized and
paused through a corona discharge at various different Mt values. The charge
distribution of the aerosol wase measured using an EAA, a condensation nucleus
counter (CNC), and an electrometer.

The results of the experiments were then compared to the predictions of the
theories. The model solutions previously discussed gave the charge distribu-
tions (according to the various theories) coming out of the chargor. In order
to compare these values with the experimental data it was necessary to simulate
the operation of the EAA to take Into account the particle loss due to electra-
static precipitation of particles in the charger. Both the simulations and
experiments indicated that this particle loss is substantial and that failure to
allow for it leads to significant error In interpretation of EAA data.

Early in the experimental program it became evident that significant flue-
bars of particles were being lost In the EAA through mechanisms other than
precipitation in the mobility analyzer. The charger is depicted in Figure 2.
It consists of a fine tungsten wire hold at a potential of no more than 6 KY
from ground. The wire is surrounded by a metal cylinder which is partly solid
(sections 1 and 3) and consists partly of a metal screen (section 2). This
inner cylinder is held at A potential of about 0.2 KY. Surrounding the inner
cylinder is another, larger cylinder which is grounded. The aerosol passes in
laminar flow between these two cylinders. It is charged by the Ions emitted by
the tungsten wire which penetrate the screen and move under the influence of the
electric field toward the outer cylinder.

In section 1 of the charger the aerosol Is assumed to be uncharged and,
therefore, unaffected by the field. In section 2 the aerosol is undergoing
charging and the path of the charged particles will be affected by the field.
In section 3 it is assumed that there are no ion% and, therefore, no charging
occurs. There is, however, an electric field so that migration and precipita-
tion of the aerosol particles will occur.

Results

Comparison of experimental with model predictions can be made with respect
to the fraction of uncharged particle% and the ratio of the total number of
elementary charges leaving the unipolar charger to the number of particles
entering. The charge distribution of the aerosol leaving the charger can also
be calculated, and has been presented elsewhere (Davison at a1., 1994).

Figure 3 shows typical results for the fraction of uncharged particles ~as a
function of Mt. As expected, as this product approaches zero the unchargad
fraction approaches unity. Simulated results using the four models Are shown by
the curves. The experimental data and the model curves lie on straight lines on
the .seoilog plot. For the 32 nm data the slope for the experimental data is - 1.
2.5 cc / ion-sec. This lies between the Hoppol value of -2.3 and the Gentry
value of -3.5. The Gentry model was observed to predict a lower fraction of
uncharged particles for all particle sizes between 19 and 42 nm. The Lafram- '
boise and Chang model predicts a slope of -0.61 and a much higher fraction of
uncharged particles. The most important result is that the three models which
include the image term are qualitatively consistent with the experimental data.
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The charge/number ratio can be obtained by measuring the charge with the
Faraday cage and the number density with the CNC. Data for ten charging rates

(expressed as Nt product) are plotted for the 32 ne case in Figure 4. The

maxima observed in the curves occur as a result of loss of the more heavily
charged particles in the charger. If the particle loss in the charger had been

neglected in the model calctilations these curves would have been monotonically
increasingg Figure 4 clearly indicates the importance of particle loss. The

qualitative agreement between the experimental results and those theories in-

cluding the image effect is good. Generally the measurements fall between the

predictions of the Fuchs and Sentry theories.

Concl usi ons

The importance of accounting for particle loss in the charger was indicated

by both experiment and simulation. This loss occurs primarily as a result of

the electrostatic precipitation of charged particles caused by the field pro-

duced by the corona discharge. In order to simulate this it is necessary to

model the aerosol's parabolic flow profile and the charger field.

Of the four models usud those of Fuchs, Gentry and Hoppel gave results that

"were qualitatively coisistent with the data. The theory of Laframboise and

Chang did not, perhaps due to the fact that this theory does not include the
effects of the image potential.
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RESULTS OF PAST AND CURRENT INVESTIGATION OF THE

SMOKE PARTICLE SCAVENGING BY NONSPHERICAL COLLECTORS .-

J. Podzimek and J. Martin
Graduate Center for Cloud Physics Research

University of Missouri-Rolla

ABSTRACT -

This contribution summarizes the main results of theoretical and experimental
studies of smoke particle scavenging performed since 1981 under the U.S. Army Grants
DAAK-ll-81-C-0075 and DAAK-I1-83-K-0007 and outlines the task of the future research.

PAST STUDIES
I .- . .

The premise at the beginning of the research program was that a planar collector

has a higher scavenging efficiency than a sphere (drop) in the range of scavenger

sizes between 0.1 and 1.0 cm and smoke particle diameters from 0.1 to 10 Um. Higher

scavenging efficiencies of disk type collectors in comparison with spheres of the

same diameter have been found during experiments with smoke particle deposition in a

laboratory wind tunnel (Podzimek, 1983). These results were supported also by

theoretical studies (Martin and Podzimek, 1982) which considered the deposition of

smoke particles of radius 0.001 < r < 10 pm on a thin oblate spheroid under the

influence of Brownian diffusion, phoretical, electrostatic and inertial forces. In

the range of collector Reynolds numbers, Re > 4.0, the calculated collision
C .

efficiency, E, of an oblate spheroid was one order of magnitude larger thaii that of a

sphere (E 10 3). This difference increased with increasing Rec (for 4.0 < Re <.

50.0).

Preliminary measurements also indicated that the number of smoke particles

deposited on the reverse side of a disk is comparable with that on the obverse side.

The particle size and number distribution is different on each specific side. On the

obverse side it reminds one of the pattern predicted by the theory (Podzimek and

Martin, 1982), however, the total number of deposited particles is almost one order

of magnitude lower than that calculated from the model (Podzimek, 1981, 1983). The

main discrepancy between the model and measurement was found on the reverse side of

,-he disk and close to the rim.

Another hypothesis established at the initiation of the program was the
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potential effect of the mode of motion of a symmetrical or unsymmetrical collector on

the smoke particle deposition. Mean aerodynamic characteristics (CD# V24 Rez, etc.)

have been deduced from time-lapse camera pictures and the frequency or wave length of

the oscillatory motion of the models determined (Podzimek, 1983). The maximal

frequencies observed for a falling paper disks with r < 1.0 cm were used for

simulation of the scavenger oscillatory motion in a wind tunnel. In mean the smoke

particle deposition on oscillating disks was higher than on quiescent disks (23%

higher for frequencies 10 to 60 Hz and amplitudes + 100). The particle deposition on

the reverse side was considerably higher (Fig. I) than that of a quiescent disk

(Np/NB a 0.745 for 60 Hz and Re a 80). The experimental facilities have been

described in previous reports (Podzimek, 1981, 1983).

Considerable attention has been paid to the influence of an electric charge on

the smoke particle deposition. Disks of different material (metal, plastic material,

glass) permanently connected with the electrode collected more smoke particles .

(passing through a charge neutralizer). The collection efficiencies for particles

with radii around 0.3 Wa were approximately one order of magnitude higher than those

observed on uncharged disks (Fig. 2) for 0.1 < Re < 50 (Podzimek and Martin, 1984).

Extremely high deposits were found along the disk's rim, where spherical smoke

particles of TiCl 4 formed peculiar chain-like aggregates (Podzimek, 1983).

Experiments performed with an instantaneously charged conductive or dielectric model

showed that the significant charge effect lasts only for about 30 seconds at a smoke

particle concentration of 3,000 to 5,000 cm' 3 . A preliminary explanation of this

fast decrease of collector charges was found by assuming a collector charge

neutralization by oppositely charged smoke particles. An uncertainty still exists

about the charge equilibcium (or charge distribution) of smoke particles passing

through the filter and charge neutralizer (Kr-85) before reaching the test section of

the wind tunnel, The assumed symmetrical, Boltzmann-like, charge distribution on

particles seems to not be supported by the current measurements. Usually a considerable o:

difference was found between the number of particles deposited on collectors bearing

electric charge of the same magnitude, but opposite sign.

CURRENT INVESTIGATIONS

The experiments in 1984 concentrated mainly on smoke particle deposition on
d•

cylinders, grid type models and fibers. One hoped that in the case of a broad size

spectrum of smoke particles one could enhance, by using the grid type scavengers, both
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the diffusional deposition on a large surface and inertial deposition at high Stokes N-
numbers. Major importance was assigned to the effect of direct particle and

collector charging and to the particle charging through induction in an electrostatic

field (up to several kV cm-1) because of the negligible effect of phoretical forces

acting on particles in the "Greenfield gap" size domain.

Collection eff..ciencies of uncharged metallic and plastic cylinders at 3.4 < Re

< 44.0 (measured at airflow velocity of 1.0 x a-1) were below 0.1% (E < 0.001).

Electrically charged cylinders (0.5 kV to 8.0 kV between the collector and tunnel

wall at 6.5 cm) showed collection efficiencies for TiCI 4 smoke particles (with mean

radii of 0.25 um) between 0.36 and 5.60%. The pattern of deposited particles

strongly reminded one of the figures depicting the interaction of inertial and

electrical forces acting on an aerosol particle: greater large particle deposition

on the cylinder's front face and high deposition of small particles (r < 0.35 uAm) on

the back side at 5.0 < Re < 25.0 and a potential difference of several kV (Podzimek,

1983). There is, however, a large scatter of measured data (collection efficiency)

in the dependence on charge and Re (Fig.3).

Deposition of smoke particles on grid type models was investigated with uncoated

electron-microscope grids (mesh 50 and 300, 0.3 cm in diameter) because of their

well-defined shape. The deposition on the front surface of an uncharged grid is

characterized by a low deposition of smoke particles with diameters smaller than 0.7

pm and a relatively high deposition of particles larger than 1.0 Pm due to inertial

forces. The total collection efficiency for all smoke particle sizes featured by the

distribution curve in Fig. 4 of an uncharged grid is higher (E - 0.0175) than that of

a thin solid disk of the same diameter (E 0.0105). The charge effect (electrode '*-

permanently connected with the scavenger-collector) is depicted in Fig. 5. The -'

effect is very significant for potential difference greater than 1.0 kV per 6.5 cm,

and has a maximum around 5.0 kV at which the total collection efliciency of a disk

can surpass 10% (E > 0.1). The total collection efficiency is defined as a total

number of smoke particulates of a specific size deposited on both sides of a

collector divided by the number of particulates passing through the main cross

section of the scavenger (including the effect of interception) at the same time.

Fig. 5 shows clearly the charge effect on the deposition of very small

particulates (d < 0.7 Vm) which is significant at low charges (1.0 kV) and air

velocities of 0.25 m s-. At a potential difference of 5.0 kV there is a maximum in
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* the collection efficiency curves for particles with diameters smaller than 1.4 PM,

* (measured only for 1.0 m s-I curve). In accordance with the theory there is an

insignificant effect of the electric charge on particles with diameters larger than

1.4 um due to the prevailing effect of inertial forces especially at the flow

velocity of 1.0 m s-1.

In Fig. 6 a very interesting comparison is made of collection efficiencies of

the front face of a solid disk and an electron microscopical grid of the same

diameter. The curves drawn for 1.0 kV and 5.0 kV show clearly that the grids are L

more effective collectors (scavengers) for small particle sizes (d < 0.7 Vm) than

solid disks if only the deposition on the front surface is considered. The disk is

. clearly more effective for particulates with diameters larger than 1.4 Um due to the

effect of inertial forces. The comparison of the total collection efficiencies (of

"* the front and back faces) of a disk and a grid (mesh 300) is made in Fig. 7.

Irrespective of the large scatter of data the grid is a more effective scavenger than

a disk of 0.3 cm in diameter for the uncharged and charged l lels (0.5 to 8.0 kV per

- 6.5 cm).

* The fiber material selected for experiments was a "dust magnet" filter from

I which fibers with individual diameters between 20 and 50 pm were selected and

stretched in a metallic ring exposed to the aerosol flow in a wind tunnel at

velocities ranging from 0.25 to 1.50 m a-. The deposition on uncharged and charged

"individual fibers having the properties of *electret" fibers are currently completed

by the experiments with two or more hydrodynamically interacting fibers.

In Figs. 8 and 9 the number of particulates of a specific size are represented

in percent of the total number of particulates of all sizes deposited on the fiber of

approximately 0.003 cm in diameter at the aerosol flow velocity of 0.25 and 1.00 m s-"

The percentage of deposited smoke particulates of a specific size seems not to

be influenced much by the electric charge and airflow velocity (with the exception of

ore point for 0.0 kV and particle diameter of 0.5 im). Deposition of smoke particles

on charged fibers is plotted in Fig. 10 which shows clearly how with increasing fiber

charge the total collection efficiency of a fiber is increasing up to 15.5% (E

0.15) for the air velocity of 0.25 m s"I and electric charge corresponding to 5.0 kV

per 6.5 cm. The increase in collection efficiency is almost linearly proportional to -.

the charge. Bearing in mind the total length of a fiber net scavenger, one can

estimate the potential significant effect of the fiber scavenger on the clearing of
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smoke cloud. For the removal of small particulates (d < 0.7 pm) the lower settling

velocity (which can be adjusted by selecting the fiber net frame of differen! weight)

should be preferred.

CONCLUSION AND FUTURE RESEARCH

Very useful characteristics of the falling symmetrical and unsymmetrical

scavengers have been obtained. These parameters can be applied while modeling the

clearing of a smoke cloud and estimating the complex effect of a falling particle

zone. In addition to the current research, another set of experiments with clearing

of TiCI 4 smoke clouds in a cylindrical tank--described in previous reports--will be

performed. The main goal of these investigations is to use the most promising

scavengers found in the past and current experiments and to confront the visibility

measurement with a simple model describing the action of a population of scavengers

dropped in a smoke cloud.

The study of the smoke aerosol removal by inertial and diffusional deposition on

oscillating models led to the conclusion that the increase of smoke particle (0.1 < r

< 2.0 pm) deposition on oscillating paper disks will not override 30% of the total

number of particles deposited on stationary disks (E - 0.01). In general, the
C.

oscillatory motion will enhance the deposition of small smoke particles on the

reverse side of a model.

Because of the insignificant effect of phoretical forces around the artificial

scavengers, the electrical forces seam to be the most important for smoke particle

deposition in the Greenfield gap. The models permanently charged can increase their

collection efficiency by one order or magnitude (E , 0.1). There is a strong

indication that field charging--currently studied--will also considerably increase

the collection of smoke particles. The electric charge on scavengers, however, is

quickly neutralized by the deposition of charged smoke particles at high

concentration. Another possibility to increase the smoke particle removal in the -

Greenfield gap is to enhance their deposition on fast-evaporating secondary

droplets of composite structure (liquid-solid, liquid-liquid) and use subsequent r

removal of large particles (r > 2.0 um) by nonspherical scavengers. This mechanism

will be studied in the future and will be the subject of an application for patent

protection.

Among the scavengers tested, the grid and fiber (*dust magnet") type collectors

seems to be the most efficient. They are very efficient in the domain of small
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particle (r (0.35 um) removal at low scavenger fall velocities (v *0.25 a al).

Currently the enhancement of their collection efficiency by a suitable electric

charge is being investigated. Permanently charged grids and fibers often showed

collection efficiencies higher than 15% (Z - 0.15).
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THE COLLISION OF NONSPHERICAL AEROSOL PARTICLES
WITH WATER DROPS

K. H. Leong
University of Illinois at U-C

Urbana, IL 61801
I.-

ABSTRACT
This theoretic. ' study estimates the effects of uonspherical particle rotation in shear flow and

the particle shape deoendency of the thermophoretic force in the computation of collision efficiencies
of small evaporate.-.• riter droplets. The collision efficiencies obtained for nonepherical aerosol
particles with a 30 ýtm radius drop showed a strong dependence on the axis ratio of the particles. The
results indicate tha.L the orientation eff-.s of the shear flow will tend to decrease the thermo-
phoretic iorce un LN& particle towards t) i,, surface and the gravity effect that decreases collision'e.

eificiencv. These efrects can lead to 1- 7elative changes in the collision efficiency, lowering
the efficiencies in the size regime where phoresis dominates and increasing the efficiencies in the
regime where gravity dominates.

A significantly lower thermophoreuis towards a drop surface for nonspherical particles can have
significant impacts on the scavenging effic.tncies of cloud droplets by reversing the direction of
phoresis. 't has been shown that thermophoresis dominates over diffusiophoresis for spherical particles
with relatively low thermal conductivity. However, for the case of a nonspherical particle near an
evaporating drop, the decrease in thermophoresis because of the oý-ientation effects may prevent particle
capture whereas enhancement may restult during drop growth. The decrease of the gravity effect will.
also have a significant effect in that the so-called Greenfield gap in particle scavznging by cloud
droplets may be substantially reduced because uf the higher collection efficiencies of nonspherical
particles in that size regime.

A detailed discussion of the results have been submitted to Aerosol Science and Technology for
pFlb1ication.

,r .

5 °-



"-4

K'-

BLANK s"

•'4

I



II. AEROSOL CHARACTERIZATION METHODS

(Other than Aerodynamic Methods - See IC) -
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Figure 1 - The dynamic shape factor (d.s.f.) as a function1 of the axial ratio "

for spheroidal particles. The d.s.f. for an arbitrary particle is'"
referenced to a equal volume sphere. We seek a ainilar representa- -
tion for the optical sea" "eri~g f~eatures. ••.-.
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00 1806

Figure 2 - One approach to the parameterization problem is to reduce the @eattering,
information contained in the Mueller Matrix to a set. of numbers.
Example:

(1) Calculate the eight nonzero elements of the matrix for a
randomly oriented spheroid.

(2) Calculate the matrix for an equal volume sphere.

(3) Calculate the root-mean-square (r.m.s.) difference between
the eight matrix elements.
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Figure 3 - A plot of the r.m.s. differences of four of the matrix elements
as a function of the axial ratio. Note the similarity to the
dynaMnL shape factor representation.
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(a)

the Mueller Matrix and FIg. (b) shows the spectra- features of each

element. -ote that for the sma]! -ize parameter illustrated here,

only low-frequency spectra result. 
•.
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Axial Ratio Symbol

0.5 - I

0.67 A ,
S2.0- 0.75 • .

1.0 
.

1.33 l
0. 1 .5

'~ 1.5 2.0

I-

0.W

0.0 05 1. . 202I .

Log10 (volume x k)

Figure 5 We have quantified the spectral content of the element by

calculating the frequency at which half of the energy- is contained
in lover frequencies and half is contained in higher frequencies.

The 50% frequency factor has been calculated f or spheroids of different
size and shape. (For reference - the size parameter of a sphere cor-

responding to log. (V x k3) - 3.0, the right hand end of the horizontal

scale, io 6.2.) 4t e note that for these mall particles, the 50% fre-

quency factor is almost independent of particle shape.
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Axial Ratio Symbol

0.5.k 2.0- 0.67
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-1.0 

A lip)1.33
o.S 1.

2.0

U%

S.-.

0.54
0 .2 S "-""

o.0 o5S 1.0o 1.50 3.0-

lOgio (volume x k3 )

Figure 7 Use the Fast Fourier Transform (FiT) an the P11 element'and find the
50% frequency factor. Read V x k3 from the curve a 61.5. This gives
the volume of the unknown spherol.. From this we can calculate the ,,..4
size parameter of the equal-volume sphere ( 2.45).
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Figure 8 - The Mueller MIatrix for a sphere (size parameter - 2.45) which was
the same volume as the unknown spheroid.
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Figure 9 - Calculate the r.m.s. difference between the Mueller Matrix of the
unknown spheroid and that of the equal volume sphere.
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Figure 10 - Mark the r.m.s. values on a plot of r.m.s. difference as & function
of axial ratio which has been calculated for spheroids with the
volume of interest. The only results that fit on the plot Indicate
that the unknown spheroid is prolate with an axial ratio of 1.85 (actui,
isl.75). The actual 'k 3 is 65.45.

Conclusion
We have described one approach to parameterizing the scattering features of

a p3rticle. It has two advantages: (1) It uses all of the information contained
in the Mueller Matrix, and (2) the representation is similar to that which is used .-
to describe particle shape. The method needs to be tested with actual measured

* data.
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CHARACTERIZATION OF SMALL NONSPHERICA'.
METALLIC PARTICLES'-

W. SCHEUNEMANN
Bundesinstitut fUr chemisch-technische Untersuchun'cenr-

beim
Bundesamt fUr Wehrtechnik und Beschaffung (BICT) b.%

D 5357 Swisttal-Heimerzheim
FRG

ABSTRACT
This paper covers experimental details of testing and evaluation of various metallic pigments

(metal flakes). Applied are different methods to measure the major axes of the particles as well as
their thickness, i.e. scanning electron microscopy and specific watercoverage. These methods are
compared with results obtained by cascade impactors.

INTRODUCTION

Simple optical considerations in the domain of geometric optics as well as model calculations

on the basis of RALEIGH-GANS scattering theory for small ellipsoidal particles, have shown the great

influence of shape effects on the optical behavior of small particles (Refs. 1, 2, 3). The results

of these calculations indicate that, especially, thin metallic particles should exhibit broad band

spectral characteristics. Chamber measurements have proven this fact. Therefore, greater effort

has been placed on the characterization of this type of particles.

EXPERIMENTAL

The size characterization of spherical particles having well known physical parameters such as

optical constants, specific gravity, etc. is in itself not a simple measuring procedure. On the

*. contrary, it is one of the most difficult problems in modern aerosol research. Difficulties may

*. arise from many factors, e.g., lack of accepted aerosol standards for calibration purposes, limited

dynamic ranges of aerosol classifiers for particle size and number density, sampling problems due to

aerosol transport problems, etc. These difficulties, obviously, increase when dealing with irregu-

* larly shaped particles. In addition, it was the criterion for this work that only simple and

easily performed techniques were sought. The following types of measurement techniques have been
2applied: Determination of the specific water coverage S (m /Q) and specific bulk gravity of the par-

ticles o (g/cm ) allow the determination of the mean particle thickness D (um). Information on the

great axes of the platelets has been obtained by scanning electron microscopy (SEM) and further

statistical analysis. The samples for SEM analysis have been collected on adhesive targets by

gravimetric settling of the aerosolized particles during the actual optical measuring process. Nor-

mally, per trial, about 15 different SEM photographs, each containing about 30 particles with appro-
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priate magnification, are generated. The contours of the particles are digqtized using a pencil

follower, and fed into a computer. For each particle, an equivalent diameter of a circle having

the same aspect area as the particle under investioation is computed. A software packaqe has been

developed for statistical analysis of these equivalent diameters. Computed are, for example, the

moments ui (i = 1, 2, 3, 4) of the size distribution as well as the geometric mean diameter Dg

and the geometric standard deviation a . From these moments a variety of different characteristic

diameters may be computed as shown in Table 1. For further definitions see Ref. 4.

As a prototype for aerodynamic measurements, cascade impactors have been used for particle size

determination also. Although the implied theory calls for spherical particles, this type of aerosol

classifier is still useful, especially, in chat _cterizing dense aerosols.

Both types of particle classification have the advantage of characterizing the aerosol rather

than the material as delivered. Aerosol yield factors, on the order of 0.4 or smaller, indicate

that particle sizes determined on material as received may be different from those characterizing

the aerosol.

RESULTS

Table 2 contains the aerodynamic particle size data for two metallic aerosols IR.M1 and IR-M2

Kas an cxample. Llsteo are the mass median diameters N (um), the geometric standard deviations

and the corresponding particle masses M (g) assuming spherical particles.

Table 3 summarizes the data from statistical analysis of SEM photograohs for the materials

IR-M1 and IR-M2.

Table 4 contains the data for the specific coverage of water S and the deduced average thickness

D of the particles.

Figures 1 and 2 are plots of the SEM data in cumulative form. Figure I is thei .umulative

number distribution of aerosol IR-MI having to m SEM count median diarwter DNM - 2.2 um. Assuming,

for the particles,disksof thickness D as determined by the specific-water-coverage method, this number

distribution may be converted into a cumulative nss distribution, which is plotted in Fiqure 2.

For further comparison the cascade impactor data are give in Figure 3. When assuming spheres, the

Kmass median diameterfor material IR-Mi becomes Dm= 0.98 umn. In the disk model this parameter

becomes D - 2.64 um.

Applying this procedure to similar materials IR-M2, IR-B and IR-B2, all having nearly the ...
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same density and thickness as material IR-Ml, the impactor data may be related to the SEM data as

shown in figure 4. This graph indicates that the aerodynamic diameters determined by the cascade

impactor are strongly dependent on the particle shape. The impaction efficiency of disk-type mate-

rials is much greater than the impaction effiency of spheres having the same mass.

Table 5 summarizes all discussed particle data for material IR-MI. The SEN analysis leads to

a ranking of the diameters, which is expected for a "log-normal-distribution", namely,

DNm < D 9< 0l< D2< DMM< '32,. ,

whereas in the discussed case the impactor leads to

194 1*

SUMMARY AND CONCLUSIONS

Statistical analysis of SEM photographs and cascade impactors have been used for particle

analysis of dense aerosols consistinq of strongly aspherical particles. Although these techniques

are non-real time measurement techniques, they seem to be useful tools in characterizing metal

flakes. In future experiments these techniques will be compared with optical particle size

analyzers.
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TABLE 1. DEFINITIONS

Characteristic Particle Diameters

D = = Arithmetic Mean
t/2, Area Mean

2 P

D3- 1P/3 Volume Mean
3

D32 = P3 / I 2  Volume! Area Mean

D4 3 = P4 / j 3  Mass Mean

Dg = exp(lf lnD.) Geometric Mean
2-2

g =exp( 1)( /D 2) Geom. Stand. Dev.

J1.
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TABLE 2. MASS MEDIAN DIAMETERS GEOMETRIC STANDARD DEVIATIONS a , AND CORRESPONDING PARTICLE
KMASSES M4...,

MD°I-..

(un) (g)

IR-Mi 0.98 1.69 3.42"0- 1 20

IR-M2 1.29 1.68 8.00" -12

TABLE 3- RESULTS FROM STATISTICAL ANALYSIS OF SEM PHOTOGRAPHS FOR MATERIALS IR-MI and IR-M2.

IR-MI IR-M2

(urn) 3.06 4.56

"2
P2 (urm ) 13.51 31.77
u3  (u73) 76.66 299.03

4
114 (urn) 519.89 3520.18

DG (um) 2.44 3.50

g9 1.74 1.92

TABLE 4. SPECIFIC COVERAGE OF WATER S, AND MEAN PARTICLE THICKNESS D.

S(n /9) D (um)

IR-Ml 1.60 0.09

IR-M2 1.14 0.12
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Cumulative Mass Distribution FIGURE 3. CASCADE IMPACTOR CUMULATIVE MASS
Ml 7'!DISTRIBUTION for material IR-Mi.,
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FIGURE 4. COMPARISON OF MASS MEDIAN DIAMETERS. Cascade impactor mass median
diameters are plotted versus SEM mass median diameters for different materials.
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APPLICATIONS OF CONDITION NUMBERS IN PARTICLE SIZE -
ANALYSIS AND LINEAR REGRESSION

C. R. Kaplan, P. Y. Yu, F. F. Farzanah, J. Hong
and J. W. Gentry ..

Department of Chemical Engineering
University of Maryland

College Park, Maryland 20742

INTRODUCTION

The objective of this paper is to show that mathematical parameters designed as

condition numbers can be generalized to provide a guide for preliminary experimental

design and to provide explanations for observed experimental phenomena.

* Three cases were used to illustrate the above.

1. Condition numbers were used to provide criteria for the selection of indicator

elements in identifying pollutant sources from trace element analysis,

* 2. Condition numbers were used to provide a means of comparing different classi- '

fiers and evaluating inversion algorithms in determining the size distribution of

aerosols,

3. Condition numbers were used to suggest an appropriate form for the development of

semi-empirical correlations.

CONDITION NUMBERS

Condition numbers provide quantitative criteria for determining how well con-

*" ditioned a set of linear, algebraic equations is. For a badly conditioned set of

equations a small perturbation in the forcing function implies a large change in the

solutions. Specifically for the equations:

A ik X -i (1)

The relative change in the norms of the solution vector are bounded by the product of

the relative norm of the forcing function and the condition number

tAXI IABI
E <C .(2)

* Although the condition numbers differ slightly depending on the particular normused,

• one can establish that condition numbers for two different norms p and p' are related

by the inequality

iC < Cp 2 CP (3)Sp - p
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where a, and a. are constant • 1/3 and 3 respectively.

In summary one can calculate a condition number for any norm and be assured that

"the condition number for any other norm would show the same qualitative behavior.

CASE-I (Indicator Elements)

. Recent work in identifying the relative strengths of generic sources (i.e. oil-

• fired combusion, automobiles, etc.) has been based on the solution of the algebraic

equations: TA S 
(4)[ATAi Sj[ATBli 11 ,

where A is a matrix whose elements are the elemental strengths for different generic

sources, S are the magnitudes of the sources, and B are the elemental composition in

the measured ambient samples. The number of elements as determined by neutron acti-

vation exceeds the number of sources, so that in general the sources are determined

from least squares regression. Recently Gordon and co-workers suggested that a pre-

selection of 6-8 indicator elements gave better (more stable) estimates of the generic

source strengths.

We were able to show that the condition numbers for a properly chosen sub-class of

elements were substantially less than for all elements. Furthermore, choosing elements

so that the condition number is minimized results in choosing the same group of

elements found by trial and error to yield the most stable estimates of the sources.

Furthermore, the number of sources that could be obtained with reasonable values for the

condition number were consistent with practice. In summary, selecting sources and

indicator elements based on the criterion of minimum condition number suggested the

same procedures as currently used.

CASE-II

We examined the inversion algorithms to determine particle size distributions from

penetration or efficiency measurements by computing the condition numbers. These con-

dition numbers were based on the algebraic equations

N

j Ef(ZiPD ) F j (5)J-1 I I

where F is the frequency of particles in size class j, E-7 is the measured

efficiency at condition Zi, and Ef(Zi,Dj) are the theoretical efficiencies. We

found that:

1. The condition numbers were strongly dependent on the type of classifier (Table

1). This limited the number of size classes that could be obtained from experimental

110



TABLE I. CONDITION NUMBERS FOR CLASSIFIERS

C1  C2 Cft

Inertial Imipactor 1.2 1.2 1.2

Elutriator 2.3.102 1.5-1I02 1.9.102

4 4 .Diffusion Battery 3.4-104 2.010 2.8,10

Cyclone 2.3.102 1.6-102 2.0.102

TABLE I1. NUMBER OF COLLOCATION POINTS OR PARANTERS

OBTAINABLE FROM PENETRATION MEASUREMENTS

Diffusion Battery S 5

Elutriator 7-13 .

Impactor Not Restricted (> 13)

0.

• °

".,.

"p'°

I.

/
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measurements.

2. Lower condition numbers were obtained when the frequencies were analyzed as

discrete sizes rather than cumulative distributions.

3. The conditionnumbers were altered when the operatinX conditions of the

experiments was varied. These results are consistent with previously reported

measurements and suggest apriori criteria for experimental design. More promising is

b the fact that the condition number can be reduced by selecting the operating conditions

of experiments differently.

CASE-11"

We have found that the condition number can be used as an apriori check on the

function forms for empirical correlations. For example, the heat of vaporization (Hv)

*- of a compound is frequently expresse3 as a power series in teriperature i.e.

1A + AIT + + + ... +An Tn (6)

0 A 1 T+ 2 T A 3

Computing the condition numbers for a set of linear equations derived from equation (6),

one finds that there is a jump of several orders of magnitude between n = 3 and n - 4.

The conclusion one should draw is that no more than three terms (assuming the power

series) should be used for fitting the experimental measurements.

CONCLUSION

The condition numbers are simple, quantitative measurements of how well-conditioned

a set of linear, algebraic equations are. We have found that they provide explanations

for current practice in the selection of indicator elements, in inversion of diffusion

battery measurements, and in empirical correlations. More important they suggest

criteria for evaluating inversion algorithms and experiment design.
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USE OF S•UTURAL RESNANCES IN FLUORESCENCE EMISSION"FOR T•7GSE ES STING ON US E-
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ABSTRACT
This paper describes a technique for sizing dielectric spheres resting on substrates based on

their measured fluorescence spectra. The experimental methods, sizing algorithm, and typical results
are presented. This work has been presented, published, and submitted for publication as follows:

R. E. Benner, S. C. Hill, C. K. Rushforth, and P. R. Conwell. "Use of Structural Resonances in
Fluorescence Emission for Sizing Spheres Resting on Substrates." 1984 CRDC Conference on Obscuration
and Aerosol Research. June 1984.

S. C. Hill, R. E. Benner, C. K. Rushforth, and P. R. Conwell. "Structural Resonances Observed in
the Fluorescence Emission from Small Spheres on Substrates," Appl. Opt. 23 (1984) 1680.

P. R. Conwell, C. K. Rushforth, R. E. Benner, and S. C. Hill, "An Efficient Automated Algorithm
for the Sizing of Dielectric Nicrospheres Using the Resonance Spectrum." to be published in J. Opt.

- Soa. Am. A. December, 1984.

b sizing algorithm described in this paper is currently being extended to include the
possibility of multiple orders of resonance being present in the observed resonance spectra.

INTROOUCTION

The existence of resonances in the elastic scattering efficiency for small dielectric spheres as a

- function of wavelength in the visible portion of the spectrum has been well established [1-6].

Analogous resonances are also observed in the fluorescence and Raman emission from small spheres (7,8].

By analyzing the features of resonance spectra, an accurate indication of particle size and relative

refractive index can be obtained. For example, we have recently reported an automated algorithm for

extracting sphere size from resonance data in which only first order resonances are observed [9]. This

algorithm is based only on the wavelength positions of the resonances and requires that the relative

refractive index of the sphere as a function of wavelength be known exactly. In other work, both size

and refractive index were determined by analyzing lineshape features of resonance data (10]. Although

the resonance locations predicted by elastic scattering theory are known to correspond to those

* measured in fluorescence and Raman emission (7.81. a detailed theory for predicting lineshape features

in fluorescence emission is not yet available. Such a theory would need to account for

position-dependent optical gain within the particle. Models for the fluorescence and spontaneous Raman
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emission of small spheres [111 and for the stimulated emission of small spheres under conditions of

constant Lain [1] have been presented. 
5'-

In previous work involving the use of structural resonances for sizing small particles, the

partcies have been suspended in homogeneous media such as air or water. Studies in homogeneous

surroundings are appropriate for applications such as aerosol sizing and cell sorting based on

fluorescence emission or for the chemical identification of aerosols by Reman scattering. For some

applications, however. it is desirable to deposit particulates on a substrate prior to analysis. For "

example, the collection of aerosols on filters prior to analysis is often necessary to obtain a

statistically valid sample. In addition, particulate samples for Raman microprobe analysis are often

deposited on substrates to facilitate heat conduction [131. Our recent work has addressed the question

of whether or not our sizing algorithm [9] which tis based on the elastic scattering by spheres in

homogeneous surroundings can be adapted to the sizing of spheres resting on substrates based on their

Inelastic (fluorescence or Reman) emission. We have found that the wavelength positions, at which the

resonances of a polystyrene sphere having a diameter in the range between approximately 4 and 10

micrometers occurdo not appear to be significantly affected by deposition on a dielectric substrate.

However. In some cases, the resonant peaks from spheres on dielectric substrates appear to te slightly

broadened and attenuated compared to the corresponding peaks when similar spheres are examined in

homogeneous surroundings. In addition, in the spectra of spheres resting on silver surfaces, the

amplitudes of transverse magnetic modes are decreased (14].

EXPERIMENTAL

Fluorescence data from dye-impregnatcd. polystyrene spheres deposited on substrates were obtained -5.-

using conventional Raman microprobe instrumentation. Radiation from an argon laser operating at 514.5

nm was focused by the objective (40X) of a Zeiss optical microscope onto a single vhere deposited on a

polished silicon wafer. Verification that only a single sphere was being illuminated was accomplished

by viewing the tcattering volume through the microscope eyepieces. "he inelastic emission from the

sphere was collected with the same 40X objective and imaged through a series of beam splitters onto the

entrance slit of a scanning triple monochromator. A GpAs phntomultiplier and photon counting

electronics were used for detection. Figure 1 (a) displays the fluorescence intensity measured as a

function of wavelength from a dye-impregnated polystyrene sphere having a nominal diameter of 5.08

micrometers with a standard deviation cf 3%. Excellent correspondence between the resonance locations

ti the measured fluorescence spectrum and those in the calculated elastic scattering efficiency for a

polystyrene sphere with a diameter of 5.1802 micrometers was obtained. It should, however, be noted
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that the experimental fluorescence l1newidths are substantially broader than those predicted by the

elastic scattering theory. In addition, both first and second order resonances were observed in the

fluorescence mission. In order to achieve such good agreement between the experimental and calculated

spectra, it was necessary to account for the dispersion in the refractive Index of polystyrene over the

wavelength range of the experiment. The sphere diameter of 5.1802 micrometers. which is well within

the standard deviation of our lot of spheres, was determined by the sizing algorithm described below. t.

SIZING AGORITHM

The sphere sizing algorithm used in this study has been described In detail elsewhere [9,15]. A

key feature of the algorithm is that it is based on peak locations only and does not require an -

analysis of lineshape features. Thus. It can be applied to fluorescence as well as other types of

spectroscopir data. The algorithm does, however, currently require that the relative refractive index L

of the sphere be known exactly as a function of wavelength. Our initial algorithm t9] was limited to

cases in which only first order resonances were observed, but this restriction has been eliminated in Z-

the current algorithm (15]. Both algorithms employ a peak detection routine that determines the

resonant frequencies which are present in experimentally measured spectra. The measured resonance

locations are then compared with entries from a library of stored resonance locations to determine the ...

most likely radius of the particle. The details of the resonance location matching routines depend

upon whether one or more orders of resonance are present in the experimental data. Nevertheless, both

algorithms are computationally efficient and could be automated for nearly real-time analysis of sphere

size using a microprocessor.

CONCLUSION

Structural resonances have been observed in the fluorescence emission from microspheres deposited

on substrates. It Is significant that the subst,'ates do not appear to affect the peak locations of the

resonances of the spheres. Thus, the sizing algorithm we have developed for sizing spheres in

homogeneous surroundings can also be applied to sizing spheres collected on filters or other surfaces.

A major advantage of our experimental approach of using a Raman microprobe configuration in conjunction

with spheres on substrates is that the particle remains fixed in space and can be examined for extended

periods to improve spectroscopic signal-to-noise ratios. It should also be possible to study the

scattering from clusters of multiple particles.

We thank the National Science Foundation for partial support of this work under grant CPE-8116087.
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MULTICHANNEL NEPHELOM-TER DESIGN

A. R. Tokuda, G. M. Hess, T. R. Majoch, S. R. Beck, C. D. Caops, and N. E. Carroll
Boeing Aerospace Company

P.O. Box 3999, Seattle, WA 9812.

ABSTR ACT
This paper is an interim report on work in progress toward designing and developing a multichannel

nephelometer, which accesses, measures, and records the far-,field scattering pattern of a single aerosol particle
illuminated by a CW laser. Future work will Include the integration of systems, an extensive test program, and
delivery and demonstration of the device to CRDC.

INTRODUCTION

The Boeing Aerospace Company is developing and buildint a multichannel nephelometer capable of measuring

and recording the far-field light-scattering pattern generated by the interaction of individual particles of an aerosol

with a laser beam. Since calibrating the light-scattering pattern for even the most simple nonspherical particle

(e.g., an ellipsoid) is difficult at best, a method of building an empirical data base re!ating scattering patterns to

particle physical characteristics for various aerosol types is required. This relationship may possibly be inverted so

that the light-scattering pattern, Including polarization information, will be useful In characterizing the optical

properties of the particles for purposes such as identification of remote aerosols or evaluation as obscurants. This

instrument will also be useful in comparing actual light-scattering measurements to theoretical scattering models

that are being developed.

The multichannel nephelometer unit includes an aerosol system, scattering chamber, and data acquisition

system. Figure I shows a conceptual drawing of the multichannel neoheloineter. The mounting table is 3 by 6 ft and

Is mounted on casters with retractable support pads. The overall height is 1 ft. Aerosol diluters, which draw the

sample from a source, are mounted on rollout slides for ease of operation in their overhead location. The rack

holding these diluters can be dismounted, which will allow the system to clear the top of doorways. The -.r is
77i

mounted under the table, allowing the entire system to maintain mechanical and optical alignment once initial setup

is completed. The chamber unit is thus basically self-contained, requiring only power, aerosol source, and data

output connections. Depending on their configuration, it is possible that additional small aerosol sources could be .

mounted directly to the dilhters to perform other operations such as calibration.

The front-end electronics are attached directly to the photomultiplier tube detectors on the sphere. The

remainder of the data acquisitloit system consists of a computer, monitor, keyboard, A/D converter, printer, and

power suppli-s attached by a cable bu,,dle to the front-end electronics.

Figure 2 illustrates the relationship between system-level requirements and allocated system requirements.

The system goals shown in the center block determine the design requirements of the three systems. In addition,

".-
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each system has individual design objectives shown in the outer blocks. Other system-level requirements, shown in

the ovals, result in design compromises between only two systems. The design process consists of optimizing this

Interactive network of requirements. These systems are described In detail in the sections that follow and are

briefly summarized below.

AEROSOL SAMPLING SYSTEM

The aerosol sampling system is designed to sample aerosols of number densities up to 106 particles/cc, dilute

as required (with minimal size biasing) to produce a flowing stream of single aerosol particles, and entrain that flow

In a laminar clean air sheath directed through the laser beam. The particles traverse the laser beam, one at a time,

at a nominal rate of 10 particles/sec, and are expected to rotate less than 3.60 during their transit through the laser

beam.

Dilution is accomplished by two ATEC 303-LF diluters, which achieve the desired aerosol concentration by

successively drawing off samples of the aerosol through capillary tubes and mixing them with clean air (see

figure 3). The diluters are stacked vertically to minimize the bias of larger particle sizes and allow cascading.

Localization ane confinement of the diluted stream through the laser beam samoling volume is provided by

sheath air and purge air flows working in conjunction (figure 4). The sheath air laminar flow jet surrounding the

diluted aerosol sample is added in a specially designed block that serves to localize the particles and minimize

contamination to the light-scattering chaml~er and optics. A purge air flow is idded to the chamber and Is regulated

so as to reinforce the integrity of the sheath air jet across the gap where the scattering event occurs.

All the aerosol particles are trapped on filters prior to exhausting the air. The entire sampling train Is

constructed to allow easy disassembly for routine cleaning and Inspection (figure 5).

LIGHT-SCATTERING CHAMBER

The light-scattering system Includes & visible argon-ion laser, a 10.4-in-dlameter scattering chamber, and 10.

photodetectors, The 1.3-mm-diameter CW laser beam ii to be shielded by an optically sealed entrainment system

that complies with TB MED279, "Control of Hazards to Health From Laser Radiation." A 14-in access space Is

provided in front of the scattering chamber.

The scattered light resulting from the Intersection of the 0.3- to 10-micron particles with the laser beam Is

received by Individual and arrayed photodetectors surrounding the intersection point. The detectors are arranged In

an unsymmetrIc fashion along great circles of the spherical chamber and lie in three planes spaced by 450 (see

figure 6). Detection begins at 90 from forward scatter and extends to within 110 of the backscatter.

120'
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The arrayed detectors, situated from 90 to 21o off the forward scatter direction where additional resolution is

required, use Hamamatsu R1770 photomultiplier tubes selected for their response, geometry, and spacing attributes .

(see figure 7). As reflected light was not considered a problem for the array units in the near-forward direction, a

simple optical design was developed, consisting of a rotatable polarizer and an aperture plate in front of eight

rectangular photomultiplier tubes. Each detector element subtends 1.50.

The individual detectors use Hamamatsu R647 photomultiplier tubes, selected because of their cylindrical

geometry and response characteristics (see figure 8). They are mounted in black plastic molded assemblies which

contain a removable sheet-type dichroic linear polarizer preceded by a lens and pinhole system that strictly limits

their field of view, thus minimizing the "noise" factor from reflections within the chamber. Their unsymmetric

spacing also prevents specular reflections off optics in the near-forward scattering directions from reaching

detectors in the near-backscatter direction. Each individual detector subtends 60.

The response levels from the detectors allow intensity m :asurement accuracies of the scattered light to !10%

in the 00 to 900 region and !50% in the 900 to 1100 and 140J to 1800 regions. These accuracies are based on the

"worst case" of a 0.3-micron particle with albedo not less than 0.5.

The scattering chamber itself consists of two near-hemispheric shells bolted to a mounted plate housing the

sampling system. Its walls arm- anodized black to decrease surface reflections. The chamber Is designed for easy

access and disassembly. Numerous 0-rings seal the system both mechanically and optically.

DATA ACQUISITION SYSTEM

The data acquisition system reads the detector responses to each scattering event, digitizes that Information,

and stores the results on computer memory for subsequent analysis (figure 9). The front-end electronics package

filters the signal from the photomultiplier tubes using a bandwidth selec,:ed (as determined by the pulse width of the

scattered light) to reduce the system's sensitivity to molecular scattering and signal noise. Further signal processing

on detected scattering waveforms is performed to allow dynamic rejection of data from particles moving slower and

faster than the "design" velocity. The signal is then amplified, logarithmically compressed Into a standard voltage

range, stored by a track/hold amplifier, and digitized for input to the computer. The computer stores the intensity

measurements of 119 of these signal channels at a nominal rate of 10 particles/sec. Data sufficient to characterize

six aerosols (six Mueller matrices) can be held on a mass storage disk. The data to characterize each aerosol may be

transferred to three floppy diskettes for long-term storage. In addition to the basic data acquisition circuitry and

main computer, the data processing equipment includes a graphics terminal, a graphics printer, and the auxiliary

floppy diskette drive used for long-term storage.
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SYSTEM INTEGRATION AND TESTING '.,

The operational and functional characteristics of the multichannel nephelometer will be demonstrated in a test

program designed to exercise the system over its full range of capabilities and to define the limits of these

capabilities. After the hardware and software of the systems are Integrated and tested individually and in different

combinations to confirm operation as designed, the three systems will be combined and tested to ensure compliance

with the required performance levels.
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PROGRESS OF INVERSION TECHNIQUE EVALUATION

J. R. gottiger
Chemical Research and Development Center
Aberdeen Proving Ground, MD 21010-5423

ABST;ACT

Light scattering data corresponding to four trial particle size distribution
functions has been generated and used (by others) as the basis for inversions. We
report here on the nature of the synthetic scattering data and make some observations
on the adequacy of the returned solutions.

1. INTRODUCTION

For the purpose of following dynamic processes in conventional

evaporation/condensation obscurants such as phosphorus smokes and diesel oil, the Army

aerosol research program would benefit greatly from a method of particle size

distribution determination based on inversion of light scattering data. Such methods

would be non-intrusive and potentially very rapid - at least in the acquisition of

data. Numerous inversion techniques have already been developed for other areas of

study, particularly in the field of meteorological remote sensing. However, our

application, dealing with distributions of truly spherical particles, provides a

nearly ideal teat bed for evaluating the relative merits of inversion techniques since

the needed kernel functions are exact and readily calculated by the Hie theory.

Accordingly we have undertaken a study to answer such questions as 1) what

measurements should be included in the data set upon which an inversion is to be

performed; 2) which mathematical technique ehould be employed; 3) what is the

consequence of experimental errors in the light scattering measurements; and 4) what a

priori knowledge (or assumptions) about the distribution is required or desirable and

.. what is the effect of incomplete or incorrect assumptions.

" Particle site distribution functions (PSDF'e) are made up at C?.DC, with the

assumption that the particles are all homogeneous spheres with the same known real

refractive index and at concentrations low enough so that only single scattering need

be considered. Scattering data, representing potential measurements, are calculated

for the trial distribution systems and perturbed with known levels of random error to

simulate experimental uncertaintiea. This scattering data, along with controlled

amounts of a priori knowledge of the systems (usually none) is then given to the

participants in the study whose job is to Invert the data and Gecover the original

trial PSDF's, each researcher selecting whichever data he decires from the simulated

Qeasurements and employing his own inversion technique. Those performing inversions
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during the past year %ere William Curry and Earl Kiech at AEDC (conatrained

elgenfunction expansion and nonlinear regression), Benjamin Rerman and John Reagan at

University of Arizona (constrained linear inversion), and William Pearce and Robert

Thomas at EG&C (B-spline).

In this paper we vill discuss the nature of the four trial PSDF'B aed associated

data generated, and make some general observations about the inverted volutions.

Details of the inversion calculations sad the resulting sp cific aolutions oay be

found in the papers written by the above inverters and included in this Proceedings.

2. TRIAL DISTRIBUTION FUNCTIONS

The four PSDF's examined during the past year, and labeled (I through J, are all

log-normals of some order of a sum of two log-normals, and may be described by the

general equation

*2 2
I (An r/7) (tn r/;2)

F(r) - R r e- 2 7c2 + r e 2 022

Table I lists the appropriate parameters for each trial distribution, as well as the

low and high radii cutoff values outside of which F(r) - 0.

r.%

TABLE I. TRIAL DISTRIBUTION PARAMETEPS

I..,.

Diet R r1 I l a i 1 2 02 L2 rlo rhi

G 0.0 n/a n/a n/a 1.92 .35 0.0 .672 7.786

H 1.0 1.3 0.2 0.0 2.6 .15 0.0 .713 4.373

1 3.0 1.1 0.2 -1.0 2.1 .20 -1.0 .604 4.674

J 0.0 n/a n/a n/a 1.6 .25 -1.0 .756 4.349 .5

The number-normalized distribution function, N(r), is proportional to the

PSDF, F(r), with a proportionality constant such that J N(r) dr - 1. In Figure 1
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are plotted the number-norualiaed distribution functions for trials C through J.

Figure 2 displays the corresponding mass-normalized distribution functions. K(r) is ty.

proportional to r3 7(r) end normalised such that f M(r) dr * I. This second
r

5-
.t. -representation is somewhat more directly meaningful to those accustomed to thinking in

terms of mass extinction coefficients, and in many cases more accurately weights the

distribution with respect to the particles' relative contribution to the total

scattering. -
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3. ICATTZIRIN DATA

Calculations were done on the CIDC Univac 1100/60 using a modified version of a

prolram developed at SMR, celled PCAUI2. The heart of the program, a subroutine

called MuGSI, was unaltered. from its output list for each radius interval we can

form L(1 ) and 1 2 (), the intensity functions, and 06(0) the phase difference

between the corresponding complex auplitude functions. These were used to construct
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the various scattering functions described below. Calculations were performed for

each of 15 incident wavelengths. Table II lists the wavelengths (in vacuum), and the

refractive indices assumed for the medium and the particle*. These parameters were

valid for all the trial distributions, and each tnverter was given this information

from the beginning.

TABLE "L, RX]FRACTIVE INDI'CS

Wavelength Real refractive Real refractive
Number In vacuum Index (sphere) Index (sodium)

1 .300 1.6948 1.349
2 .337 1.6485 1.343
3 .697 1.5839 1.33:
4 1.038 1,5739 1.327
5 1.374 1.5706 1.321
6 2.023 1.5682 1.305 01*
7 2.727 1.5674 1.170
8 3.580 1.5669 1.383
9 3.873 1.5668 1.359 r

10 4.828 1.5666 '..330
11 5.125 1.5666 1.321
12 5.403 1.5666 1.305
13 6.560 1.5665 1.336
14 8.000 1.5664 1.291
15 10.600 1.5664 1.179

In Table III are listed the 14 angular scattering functions which were calculated

at each wavelength for scattering angles from 00 to 1800 in 50 increments. Here

k 2 w/X and f(ri) is the value of the particle size distribution fuactLon at the

ith radius, with normalization such that ) f(r 1 ) - 1 In every case the range of

radii over which F(r) was non-zero was divided into 1000 equal site intervals for the

summa tions.

The first four angular scattering functions represent planned experimental

nephelometer seasurements. in each case the light is Incident plans polarised at 430

to the scattering plane. A polarizer in front of the detector is oriented with its

transmission axis either parallel to the scattering plans (HROO), or perpendicular to

it (HR90), or at 450 to it (14145). In the fourth case the analysing polariser is at
4.."

00, #a in MROO, but is preceded by a quarter wave plate with its fast axis at 450 with

respect to the scatterinb plane (HiL4). The numbers calculated are the measured
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TABLE I119 ANCULAR SCATTERING FINCTIONS

Rmee Expression

?MOO l/k 2 Z f(r 1 ) ' 2 (r 1 6)

MR90 Il/k 2 z f(zi) iI(rit)

W435 l/k 2 ( V, f(rI) (S2 (r 1 ,6)+tl(r1 ,e)) + E f(ri) 13 (rlO) cos8(rie))

MIA 1l/k 2 { 1h f(ri) (12 (rtO)+1I(rite)) - Z f(rI) 13 (r 1,e) sin6(r 1 ,O))

tONI IN 2 I { ( f(rI) i2(Yi,e) + Z f(ri) II(rite))

cON2 l/k2 Z f(r) y(r,) cosa(rl,e)

COo 1/k2 Z f(rd) i 3 (reO) sin (rite)

$12 2(M@0O - MR90) / CMHI

833 CG12 / COI

843 C013 / COw

UWPL I - 89

PLIXI (98 - 812) / 2

PLFX2 (88 + 912) / 2

DELPL ATAN2( 843, 833 ) 180/w

where 88-81+33-62

ratios of the scattered intensity to the incident intensity - except for a constant

factor which has been dropped and depends on the distance from the common volume to

the detector and on the total number of spheres within the common vol,,me. Only ratio

type measurements are contemplated; the concentration is not assumed known (except

that it be below the multiple scattering threshold) nor is it required as part of the

solution. It is further assumed that all tho scattering spheres are confined to a

very small region within the common volume so the variation in common volume size vith
scattering angle may be igoGred for now.

From these four basic muasuremento one could form various combinations, inCiding7
1

* the next three angular scattering functions. COMI *- • (1100 + 14190) is the phase

21function. COM2 - R45• COMI and COM3 a COMI - RL4 depend only on i3 -l11
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and on either the cosine or sine of 6.

Seven additional angular scattering functions were calculated for each trial

distribution although these were not made available to the inversion teams. They

include three normalized Mueller matrix elements S12, 833, S43, and four functions

defined in the following way. Let, as before, the incident light be plane polarized

at 450 to the scattering plane. The light scattered in any direction can be thought

of as the (incoherent) sum of a 1001 unpolarized beam and a 100% polarized beam; the

polarized fraction of the scattered bean can be further regarded as the (coherent) sum

of a component polarized parallel to the scattering plane and a component polarized

perpendicular to the plane, with some phase angle between themn UNPL is the fraction

of the total scattered intensity which is unpolarized, PLFXI and PLFX2 the fractions

plane polarized perpendicular and varallel to the scattering plane respectively, and

DELPL the phase angle between them. Table III indicates how these last seven

quantities may be calculated from the first seven.

In addition to the angular scattering functions, the backscatter, extinction,

scattering, and absorption cross sections were calculated as part of the program for

each incident wavelength. However, in all the cases studied so far ,only real

refractive ind!ces were considered, so o a an 0.
5r

Once the exact data were calculated, stored, and printed out as described above, a

perturbntion was introduced to simulate random experimental error. A set of random

numbers was generated, normally distributed about 1.0 with a presoleeted standard

deviation (.04 for the trial distributions reported on here). "roa tis set a

different error factor was multiplied with each data point from the four angular

scattering functions MRO0 through ERL4, an well as each of the cross sectiots. Data

points for the remaining ten angular scattering functions ware recomputed based on the

perturbed values of the first four functions, although owing to the nature of the

combinations, this led in some cases to relative errors far in excess of the 41 level

intended. These perturbed values comprised the set of synthetic data available to the

inversion teams.

4. RESULTS

From the nearly 4000 data points available for each trial distribution, the

inversion teams were free to choose any subset they felt was efficient for their

inversion method. The smallest set selected was the backscatter cioms sections, only

"135 -"

-.. -... . . . .. -... . - ......... * .'.. 5 .,.. * .. ,'. *'.. ,*-,



I- .
15 points per distribution. The fidelity with which the inverted solutions

represented the original distributions varied from team to team and somewhat less so

"from trial to trial, ranging from vague to indistinguishable from the original. Since

examples of the inversion results will appear separately in this Proceedings under

papers by Herman, Curry, and Pearce, they will nvt be reproduced here. However, we

"shall select one result as typical to illustrate the way in which the inversions are
.-a

being analyzed and to indicate some of the problems generally encountered with

inversions.

Figure 3 shows the inverted solution to distribution C as calculated by Herman

with the constrained- linear- inversion method and using as input data the 15

backscatter cross sections.

Ii

1.0,

0.' Tiig.RDISA RIAUTION O 6

. ORIIM.AL
ImlnllIn (,limlAM) •

0.6- .

%V0.0°

•~%q

YIGURZ 3. INVERTED SOLUTION4 TO DISTRIBUTION C

While other representations of the same data (for example, mass normalization) can

show a better overall fit, it is clear that the inverted solution does not agree with

the original distribution in several respects. One way to judge this inverted

solution Is to recompute all the scattering data based on the inverted solution as the

distribution function, and compare that scattering data with the data calculated from

" " the original distribution (all without the random error perturbation). Unless there

is an error in the inversion calculation we should expect agreement in the two cases

over that subset of scattering data which was used as input to the inversion; the more

interesting question is whether there exists other subsets of scattering data whose
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value: differ markedly depending upon which distribution function is used (the

original ont or the inverted one) for the forward calculation. %

The present example was inverted on the basis of backscatter cross sections. By

supplementing the original set of wavelengths and refractive Indices with 185 new

points, smoothly incorporating the original 15, we can form an apparently continuous

plot of backscatter cioss sections vs wavelength. The two such plots formed - one

based on the original distribution G, the other on Herman's inverted solution for . -

were virtually identical on the entire wavelength range examined, except for a

constant factor. The backscatter calculated with Herman's inverted solutions was -.

lower than with the original, as would be expected from his relative preponderance of

smaller particles, but it was uniformly lower so the shapes of the backsecatter curves

were the same. Since only relative intensity measurements are contemplated, such a -

difference can have no significance. In Figure 4 is plotteA vith a solid line, the

backscatter cross section calculated usiLh8 Herman's i.-.%.. d solution, and on it

(corrected for the constant factor mentioned above) the 15 backacatter cross sections

given belonging to the original distribution. As one can see, both distributions are

equivalent with respect to backscatter.

10.°

WAYIIUNG (I CRNS

S0! 2. o 1

FIGURE 4. BACKSCATTER CROSS SECTIONS. Solid
line derived from Herman's inverted solution, circles
represent original data points.
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To check how well Herman's solution does with respect to other scattering data, N

one can Imagine doing the forward calulations based on Hermaans solution and making a

graph of each scattering function vs scattering angle, one for each wavelength, and

comparing then to corresponding graphs based on the original distribution. However,

given the product of 14 scattering functions, 15 wavelengths, and (this time) ft,,tr

trial disttibutions done by four inversion methods, such a project quickly gets out of

hand. Inslzead, a single numahr is calculated to represent the degree of discrepancy

between two corresponding graphs. The graphs are not actually plotted but they

readily catt be later if something looks interesting. These average error factors are

' tabulated for all combinations of scattering functions and incident wavelengths. The
r.. . .

* exact definition of the average error factor varies among the different scattering

functions, depending upon whether a uniform correction factor is permitted (as was the

case in the backscatter comparison above) whether the scattering function values are

"bounded, whether they can pass through zero, etc. When a distribution function is

compared with itself, the average error factors are, as expected, all zero; when two

* uvrelated distributions are compared, say C with 1, the factors are (mostly) all

large, on Lhe order 0.2 - 2.0. The error factors generated when comparing the

original distribution G with Herman's inverted solution C are given in Table IV.

Recalling that the scattering data supplied to the inverters had a randow error

level of 4% to start with, average error factors in the vicinity of .04 or less are

expected and of no particul&r interest. That eliminates most of the table. The

relatively high error factors at the shortest two or three wavelengths are also of no

consequence; they arise because of the jagged nature of the graphs plotted from

Herman's solution at these wavelengths which in turn is due to the relatively large

radii bins over which Perran's inverted solution was defined. The occasional large

atverage error factor in the DELPL column is due to an easily rectified quirk in the

computer program vhich sees, for example, DELPL (phase shift) values of 1780 and -1790

as differing by 3570, when physically Lhey differ only by 30. That leuves oaly COM3

and MR45, at longer wavelengths, as possible candidates for further investigation. In

particular, none of the polarization scattering functions (S12 through DELPL) appear

to be of value.

These average error factor tables were produced for Herman's solutions to the

other this. trial distributions, and for Curry's constrained eigenfunction expansion

Rolutions, with similar results. That is, inverted solutions, though differing from
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TABLE IV. AVERAGE ERROR FACTORS

WAV1CLEINGTl IO0 MR90 MR45 M" COMi CON2 CO_3

01 .096 .071 .069 .103 .069 .054 1.068
02 .090 .069 .084 .066 .059 .066 .858
03 .062 .066 .050 .068 .055 .029 .229
04 .052 .036 .033 .043 .032 .038 .122
05 .025 .027 .020 .026 .018 .028 .149
06 .040 .032 .034 .039 .024 .018 .091
07 .025 .023 .033 .021 .021 .026 .065
08 .040 .030 .075 .024 .025 .050 .087
09 .042 .033 .081 .025 .024 .049 .085
10 .032 .029 .095 .027 .026 .057 .092
11 .029 .033 .099 .027 .028 .059 .099
12 .031 .031 .104 .030 .028 .057 .102
13 .037 .043 .122 .039 .041 .073 .132
14 .047 .056 .156 .045 .050 .076 .138
15 .048 .056 .197 .043 .045 .072 .143 '7"

WAVELENGTH S12 S33 S43 UNPL PLFX1 PLFX2 DELPL

01 .046 .060 .057 .028 .067 .046 .278
02 .058 .041 .042 .033 .082 .048 .380
03 .032 .025 .031 .020 .035 .033 .110
04 .027 .017 .024 .012 .032 .029 .108
os .016 .015 .019 .010 .016 .025 .090 .
06 .016 .014 .015 .014 .017 .019 .134
07 .014 .014 .008 .012 .014 .022 .030
08 .013 .008 .012 .012 .021 .011 .331
09 .016 .010 .008 .014 .023 .014 .177
10 .010 .010 .012 .013 .022 .010 .017
11 .010 .012 .013 .013 .021 .012 .020
12 .009 .012 .016 .014 .020 .015 .019
13 .008 .010 .016 .009 .011 .013 .019
14 .012 .010 .014 .010 .013 .015 .023
15 .019 .021 .013 .017 .029 .023 .030

the original distributions, were consistent not only with the data points used to P

derive them but with virtually all the other light scattering data that might have

been used, possibly excepting MR45 or COM3. The inverted solutions oi the Curry/Kiech

nonlinear regression method and Pearce's B-spline method have not yet been examined in

this way, though their solutions are so close to the original distributions that it's

unlikely anything could be learned.

Apparently we can not devise a practical (perhaps not even an impractical)

procedure based solely on light scattering measurements which insures convergence to

the correct solution. These results emphasize the necessity for having an inversion
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scheme that permits the incorporation of the maximum amount of a priori (i.e.a non-

light-scattering) it. mation that may be available. Even then the best that may be

said of a solution is that it Is counsitent with all the known information about the

scattering system.

-V..

S.
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AEROSOL SIZE DISTIlBUTION M.ON
SIMULATED )EPNILONSTRIC DATA

'if.

W. A. Pearce
BG&G Washington Analytical Services Center, Inc.

6801 Kenilvorth Avenue
Riverdale, Maryland 20737

ABSTRACT
This paper addresses the latest in a series of objective tests of the B.-spline technique for

inferring aerosol size distributions from scattering matrix data. While a paper fully describing the

method in preparation, several aspects of the technique are presented in:

W. A. Pearce, "A Benchmark Evaluation of an Aerosol Size Distribution Inversion Technique",
EG&G/WASC Applied Sciences Dept. Report TR-W22-001/84 July, 1984.

W. A. Pearce, "B-Spline Representations for Aerosol Size Distribution Inversion", Proceedings of
the 1982 CSL Conference on Obscuration and Aerosol Research, R. H. Kohl, ed. ( 1983 ).

W. A. Pearce, "Aerosol Size Distribution from Scattering Matrix Data", EG&G/WASC Applied Systems
Dent. Report 00781.

W. A. Pearce, "Inference of Scatterer Size Distribution from Single scattering Matrix Data" in
Light Scattering by Irregularly Shaped Particles, D. W. Schuerman, ed., Plenum Press, New York 1979.

Test inversions will be performed on experimental data sets when they become available. Expected
extensions of the effort include Investigations of non-linear constraints and of the information
content of optimal and sub-optimal data sets.

INTRDUCTION

We have performed a set of benchmark tests of the 5-spline size distribution inference

technique. The (simulated) data for the tests were provided by J. BotLiger (CSL) who released to us

only the data as it would be available from nephelometric measurements. The underlying size

distributions were unknown to us when the inversions were performed.

Given a set of data Xi we solve the (ovardetermined) set of equations:

iJ
.21

where W is a weight matrix (Wki 6 6 ki / XiV t is a fixed percentage data error). The Ti'5 are the

parameters of expansion of the size distribution n(r) in term of B-splines (B(r)):

n(r) - [ Be(r) nit (2) r

and the effective kernel Is

S f S (r) Be(r) dr. (3) -
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IS ai • amediperee Mie scatterim matrix element appropriate to the measurement. To solve (1), we use
a oiVAr value decomposition of S to obtain its patudo-inverse:

9..

a v' T (4)

Bore, V Is a matrix whose elements are eigenvectors of STS, the columns of U are elgenvectors of 88T;

&ad i÷t diagonal with elements given by the inverse of the square root of the positive definite

eigeavalues of STS.

Often, the unconstrained full solution contains unphysical oscillations with possible negative

regions. We have implemented an edjunct iterative procedure which partially damps this unwanted r

behavior. An estimate of the solution vector is iteratively updated using

Am l ou + an (5)

T
Using 6 V(i/(oi + a)) uTIx - SX ] , An is given by

. 6 if (nOD + 6) 0 (6)•OL (6) ..

- 0 otherwise

DATA

The rest data consisted of values of matrix elements at angles 0 (5) 180 degrees together with

extinction, scattering, absorption, and backocattering cross sections at each of 15 wavelengths (from

300 am to 10600 no). These data were prov led for each of the four test distributions (G,H,I, and

J). We elected to use only a minimal subset consisting of the matrix element M4.00 defined as

MUO0 (1/k 2 ) n 9(r) i2 (ri.6 ) ; k- 2i/1 (7)

at each of the 37 angles and at two wavelengths (690 and 5400 mn). The data, a preseoted to us,

incorporated 4% random Additive errors.

RESULTS

The res errors of the solution fits to the date and the knot structure of the fitting B-Splinem

are shomt in Table 1. ;.::
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TABLE I. SOLUTION SUMMARY

RiS Relative Data

Residual Error (2)
Size Iterative No. Spacing Diameter

Distribution Solution Solutlo.. Knots RO Be

G 3.2 6.4 20 linear .5- 16.0

8 3.6 11.0 20 linear .5- 10.0

I 3.8 7.2 20 linear .5- 10.0

J 4.18 N.A. 10 exponential 1.5 - 7.5

The Inversion results are presented in Figure 1 and are compared with the underlyin8 "true"

distributions (which have recently been revealed).

sinOi7trii 5stu :evzm,:i

z 
Z0

..- .. 1 . 1'.

s. e .+

0111
Ciii 35TA~ftid With ISTAIDW7'Yid J

a.".

I,0 1a • 
*°° ,

FIGURE 1. INFERRED AN TRUE DISTRIBUTIONS. True sire distributions (lines)
compared with Interred (points) for tests G (iterated solution),

H(iterated solution), I (direct solution), and 3 (direct solution).
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Our technique will be tested using experimental &ts wheu they become available. Meanvhile, we

will continue to Investigate means for constraining ao~t'tions to physically meaningful domains and .

"* examine the relative information content of particular subsets of data.

%
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The OptiaL Constants of Selected Materials
in the Infrared, Visible. and Ultraviolet

3pfttral lesions

Marvin R. Querry
Physics Departaent

University of Missouri - Kansas City
Kansas City, Missouri 60110

N9=V1 PUBLICATIONS '4"

1. M.R. Querry, *Optioal Properties of Compressed Povders," Prooeedingr of the 1983 CSL

Conference on Obscuration and Aerosol Research, J. Farmer and R.H. Kohl, eds., p. 147-158. k

2. N.R. Sierry, UOptioal Constants,0 Final Tecbnioal Report, Contract DAAK-11-82-C-0069, 31 May

19841, pp.40.

ABSTRACT -
Optical Constants of 23 samples were deterlmined throughout the 200-50,000 cml wave-numbr region

of the infrared, near infrared, visible, and ultraviolet. The materials were graphites, copper,

brass, aluminua, alutinum oxide, TCIIQ salts, iron, iron oxides, zinc oxide, intercalated graphite, and '-.

pyrolytic graphite.

1. Introduction :i',%

Ve prepared samples from 21 different m*aerlals, measured 23 different refleotanoe spectra for

those materials, used Kramere-Kronig methods to compute spectral values of the complex riefr&otive

index n+ik from eaoh of the 23 reflectance speotra, and presented1  the measurements and results or r.-%I'--

the computations in graphical and tabular form. All data were delivered on computer cards to tho V.

technical monitor, M. Merrill NLlhba, CRDC. Those data are now available for use in •is scattering r.

codes to compute radiant transport through and radliat baoksoatter by aerosol clouds that are oomposed

of these 21 materials.

The 23 sample: were

1. Sappirer (0-A1203 ) 3//C (uniauial crystal)

2. 3apphire (a-AX203) g+C (uniaxial crystal)

"" 3. Oxidized Aluminum Mirror

4. Iron (polyorystallins)

5. Hmaat'to (ctFo203) Z//C (uniaxial crystal)

6. ~etiatOt (ape203) E•C (uniaxial crystal) .•

7. "WN~t't* (F@304) (isotropio crystal) ••

8. Cuprous Oxide (Cu2 0 powder, pellet)
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9. Zino Oxide (ZnO powder, pellet)

10. Copper Ingot

11. Brams Ingot (9OjCu/10%9u)

12. Bras Ingot (85%Cu/15%Zni)

13. Brass Ingot (70%Cu/3OSZn)

14I. Dixon •S-2 Graphite (powder, pellet)

15. Dixon HP?-2 Graphite (powder, pellet)

16. Dixon 200-10 Graphite (powder, pellet)

17. Asbury Macro 260 Graphite (powder, pellet) !q

18. Dixon 1102 Intercalated Graphite (powder, pellet)

19. Asbury 3222 Intercalat*d Graphite (powder, pellet) L.
20. Pyrolytic Craphite

21. TTF/TCXQ (powder, pellet)

22. Cu/TCUQ (CRDC pellet)

23. LI/TCNQ (powder, pellet)

In this paper we present masursenta of the reflootan"e speotrum and the optical constants of

iron. These data are presented in graphical and tabular form. The presentation here for iron is

siailar in format to that for a11 23 samples. Readers interested in data for the other 22 samples are

referred to Reference (1).

1I. TH& IRON AMEPLZ

The iron sample was 1.2 am dia. by 1 as long, polyorystalline, and wae Aeser puratronio grade

obtained L.os Johnson Hatthey, Ina., P.O. Box 1087, Seabrook, CH 038766. The purity was 99.9985$ and

the epeoifio gravity 7.87. The 1.2 am dia. end faoe of the rod was meohanioally polished with 6 us

diamond paste, 0.3 pm •-Al 2 03 , end 0.05 • a-A120 3 . A mirror surface was obtained and remained bright

and untarnished for several months after the polish was applied. Reflectance speotra of the iron

suaple were obtained in dry air immediately after polishing.

III.* RULCTANC& ANDOPTicAL CONSTANTs

A near normal Incidence refleotanoe spectrum for the polished iron sample waa obtained throughout

the 180-50,000 oma1 wave-number region (55.55-0.2 va). V

In the infrared region, 180-4,000 co 1 (55.5-2.5 us), the reflectance spectrum wae obtained by

use of a Ferkin-Bluer 580 speotrophotometer rnd specular reflectance accessory. The infrared speotrum

was measured relativ to that of a first surface aluminum mirror. Multiplioation of the relative
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reflectance spectrum by the refleotance of the aluminum mirror provided the absolute refleotance

speotrum of the iron 0eWpIe.

in the W-VLs-Xl region, i4,000O50,000 m1 (2.5-0.2 us), the refleotanoe spectrum was obtained

by use of a Cary Varian 2300 speotrophotowtor and a V-W reflectance accessory that provided

measurements of the absolute retleotarme.

The retleotanoe spectrum was analymed by use of Kraaers-Kronig methods to obtain spectral values

of the complex refractive indices n~ikj i.e. the so oalled optioal constants.

The measured reflectance spectrum of iron is presented in Figs. 1-2, where comparisons are made

with refleotanoe ot Iron as previously determined by Weaver at. al., Bolotin 1.. 11. and Johnson and

Christy. Speotral values ot a and k are presented in Figs. 3-6 where similar ooeparisona are made

with values presented by other investigators.

The first derivative ot the infrared refleotnmoe spectrum is presented in Fig. 7. Ve have not

determined the physical souroes of the structure in the first derivative speotrum. Possible sources

are electronic transitions and/or surface oon•atnination by oxides or adsorbed species.

Tabulation of the refleotanoe and n+ik are also presented in the following m'os. In the Table

the oolumns from left to right provide wave number (oal), lN; wavelenth (us),WL; n, k; unoertainty in

n and k,(DN and DX); and the reflectance R. The relatively lUrge values of DU and DK in the Infrared V

are oharaoteristic of small errors in measurements of R produoing large DU ad DX when the Fresnel

refleotanoe equations are used to determine n+ik tor highly refleoting materials.

IV. RKYSFENCS

1. M.R. Quarry, "Optioal Constants," Final Technical Report, Contract DAAK-11-82-C-0069, 31 May 1981,,
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FIGURE 1. INFRARED REFLEC1 ANCE OF IRON. The Infrared retlectance of iron Le

shown in the 180-4,000 as- wave-number region: the continuous curve

denotes our meseurements; 0, Weavr at. al.; and Ot3olotin at. al. .1
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FIGURE 2. NIR-VIS-UV REFLECTANCE OF IRON. Our me surmeents of the NIR- ?

Via-UV reflectance of iron in the 4,000-50,000 am" wave-numer region
are denoted by the continuous ourve. The other symbols denote measure-
ments by Weaver at. al., 0; Bolotin et. al., 6; and Johnson and Christy, +..
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FIGURE 3. REAL PART OF IRON'S INFRARED REFRACTIVE INDEX. The '-

oontinuoua ourvo denotean as determined from our investigations. Values"."
of n determined by others are: Weaver et. al., 0; enhd1Bolotin et. al., ':-

s. The top graph shows n throughout the-180-•-4, 000 om-' wave-number,-

region. The bottom graph shows an expanded ordinate for better
oomparison of our values of n with those of Weaver et. al. and Bolotin
et. al.
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FIOURE 4. IMAGINARY PART OP THE IRON'S INFRARED REFRACTIVE INDEX. The
oontinucus curve denotes k as determined fro,, our investigations.
Values of k det;ermlned by others are: Weaver et. al., 0; and lolotin
at. al., *. The top graph shows k throughout tW IT0-4,000 cm- wave-
numb•r region. The bottom graph shows k on an expanded ordinate for
better oomparison of our values of k with thoso cf zavi' . al. and .,
Bolotin et. al.
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FIGURE 5. REAL PART OF IRON'S NIR-VIS-UV REFRACTIVE INDEX. The
continuous curve denotes n as determined from our investigations.
Values of n determined by others are: Weaver et. al.,O; Bolotin et.
al., ; and Johnson and Christy, .
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FIGURE 6. IMAGINARY PART OF IRON'S NIR-VIS-UV REFRACTIVE INDEX. The
continuous curve denotes k as determined from our investigations.
"Values of k determined by others are: Weaver et. a!.., 0; Bolotin et.
"al., 0; and Johnson and Christy, ."
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FIGURE 7. PIRST DERIVATIVE OF £RON'S IKFRARED REFLECTANCE SPECTRUM. We
have not determined t.-,• -h'.;ic&l sourceA of the atructure in thie first
derivative spectrum. Possible 3ources, however, are Interband'
tranaitions and/or surfaus contamination uy oxides or aurfaoo
"adsorbates.
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IRON ROD PAGE I

WN WL N K DN DK R

180.00 55.5556 54.848 15.133 21.240 17.973 0.99170
190,00 52.6316 49.736 145.745 20.038 15.949 0.99170
200.00 50.0000 45.257 139.754 18.6!5 14.044 0.99170
210.00 47.6190 41,364 134.110 17.359 12.434 0.99169
220.00 45.4545 37.988 128.832 16.160 1].2? 0.99167
230.00 43.4783 35.070 123.929 15.063 9.932 0.99163
240.00 41.6667 32.461 119.413 14.077 8.947 0.90161
250.00 40,0000 30.095 115.205 13.180 8.088 0.99160
260.00 38.4615 27.921 111.240 12.354 7.327 0.99160
270.00 37.0370 25,982 107.465 11.584 6.662 0.99159
280.00 35.7143 24.261 103.902 10.873 6.084 0.99157
290.00 34.4828 22.745 100.563 10.222 5.584 0.99153
300.00 33.3333 21.354 97.458 9.632 5.140 0.99151
310.00 32,2581 20.050 44.541 9.093 4.741 0.99151
320.00 3112500 18.813 91.768 8.592 4.375 0.99152
330.00 30.3030 17,653 89.100 8.121 4.042 0.99153
340.00 29.4118 16.597 86.524 7.677 3.743 0.99154
350.00 29.5714 15.637 84,044 7.259 3.474 0.99153
360.00 27.7778 14.786 81.664 6.867 3.237 0.99151
370.00 27.0270 14.017 79.390 6.502 3.025 0.99147
380.00 26.3158 13,336 77.211 6.160 2.837 0.99141
390.00 25.6410 12.729 75.133 5.842 2.669 0.97133
400,00 25.0000 12.195 73.151 5.545 2.520 0.99123
410,00 24.3902 11,721 71.267 5.270 2.387 0.99111
420.00 23.8095 !1.294 69.477 5.015 2.268 0.99098
430.00 23*2558 10.907 67.770 4.778 2.159 0.99004
440.00 22.7273 10.553 66.135 4.555 2.060 0.99069
450.00 22.2122 10.249 64.565 4.346 1.971 0.99052
460.00 21.7S91 9.991 63.067 4.152 1.893 0.99031
470.00 21.2766 9.779 61.651 3.972 1.823 0.99008
480.00 20.8333 9.589 60.320 3.804 1,760 0.98984
490.00 20.4082 9.413 59.066 3.654 1.702 0.98960
500.00 20.0000 9.238 57.878 3.512 1./,4e 0.98937
510.00 19,6078 9.066 56.742 3.379 1.! ?t, O.891!,
520.00 19.2308 8.901 55.652 3.254 1.546 0.98393
530.00 18.8679 8.749 54.608 3.136 1.500 0.08870
540.00 18.5185 8.604 53.611 3.026 1.456 o.98a4'
550.00 18.1818 8.459 52,659 2,922 1.415 0.98826
560,00 17.8571 8.310 51.742 2.824 1.375 0.98803
570,00 17.5439 8,167 50.854 2.731 1.336 0."9784
580.00 17.2414 8.026 49.996 2.642 1.300 0.98764 TI
5?0,00 16.9492 7.894 49.163 2.559 1.265 0.98743
600,00 16.6667 7.758 48.367 2.4Y8 1.231 0.98724
610.00 16.3934 7.624 47.586 2.401 1.1"8 0.98704
620.00 16.1290 7.495 46.822 2.327 1.16 0,98684
630.00 15.8730 7.379 46.076 2.256 1.137 0.906rA3
640.00 15.6250 7.275 45.35" 2.188 t.109 0.9s6,V" "
650.00 15.3846 7.182 44.654 2.123 1.084 0.98615
660.00 15.1515 7.095 43.981 2.062 1.059 0.98590
670.00 14.9254 7.011 43.332 2.004 1,036 0,98565
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IRON ROD PAGE 2

WN WL N KO OK R

680.00 14.7059 6.931 42.706 1.948 1.014 0.98540
690.00 14.4926 6.851 42.102 1.896 0.993 0.98516
700.00 14.2957 6.770 41.516 1.845 0.972 0.98492
710,00 14.0945 6.689 40.948 1.797 0.952 0.94684720.00 13.8889 6.609 40.389 1.750 0.932 0.98445

730.00 13.6986 6.530 39.847 1.705 0.913 0.98422
740.00 13.5135 6.453 39.316 1.662 0.895 0.98390
750.00 13.3333 6.379 38.797 1.620 0.877 0.98374
760.00 13.1579 6.308 38.289 1.560 0.860 0.98350
770.00 12.9070 6.243 37.793 1.541 0.844 0.98324
780.00 12.8205 6.181 37.309 1.503 0.828 0.98298
790.00 12.6582 6.12' 36,839 1.467 0.813 0.90272
800.00 12.5000 6.063 36.380 1.432 0.799 0.98246
810.00 12.3457 6.005 35.930 1.399 0.784 0.98219
820.00 12.1951 5.951 35.486 1.366 0.771 0.98191
830.00 12.0482 5.907 35.050 1.334 0.758 0.98161
840.00 11.9048 5.867 34.629 1.304 0.746 0.98129
850.00 11.7647 5.832 34.222 1.27'5 0.734 0.98097
860.00 11.6279 5,796 33.827 1.247 0.723 0.98065 z
870,00 11.4943 5.760 33.441 1.221 0.712 0.98033
880.00 11.3636 5.726 33.065 1.195 0.70: 0.98001
890.00 11.2360 5.693 32.699 1.170 0.692 0.97969
900.00 11.1111 5.662 32.342 1.146 0.682 0.q793-,
910.00 10.9890 5.630 31.994 1.123 0.672 0.97904
920.00 10.8696 5.600 31.654 1.101 0.663 0.97871
930.00 10.7527 5.569 31.323 1.079 0.S54 0.97839
940.00 10.6383 5.539 30.999 1.058 0.645 0.97807
950.00 10.5263 5.507 30.602 1.038 0.636 0.97775
960.00 10.4167 5.475 30.371 1.018 0.628 0.?7743
970.00 10.3093 5.444 30.064 0.999 0.619 0.97711
980.00 10.2041 5.415 29.762 0.980 0.611 0.97673
990.00 10.1010 5.387 29.466 0.962 0.603 0.97644

1000.00 10.0000 5.362 29.175 0.945 0.595 0.97610
1010.00 9.9010 5.339 28.891 0.927 0 5S8 0.97574
1020.00 9.8039 5.318 28.613 0.911 0.f7! 0. 173 a
1030.00 9.7087 5.298 28.342 0.895 0.574 0.9 7 1.•
1040.00 9.6154 5.279 20.07U 0.890 0.567 0.¢'744,
1050.00 9.5238 5.259 27.820 0.865 0.561 0.97429
1060.00 9.4340 5.239 27.566 0.850 0.555 0.97393
10'0.00 9.3458 5.221 27.317 0.836 0.548 0.97356
1080.00 9.2593 5.205 27.075 0.822 0.to42 0.97319
1090.00 9.174. 5,180 26.338 0.809 0.536 0.97292
1100.00 9.0909 5.1%1 26.608 0.796 0.531 u.97245
1110.00 9.0090 5.1!5 26.382 0.784 0.525 0.972(18 . --

1120.00 8.9286 5.138 26.161 0.772 0.520 0.97172
1130.00 8.8496 5.122 25.946 0.760 0.514 0.97136
1140.00 8.7719 5.104 25.738 0.749 0.509 0.9710.
1150.00 8.6957 5.084 25.534 0.73F 0.504 0.9706-
1160.00 8.6207 5.061 25.334 0.728 0,4Q? 0.97036
1170.00 9.5470 5.036 25.136 0.717 0.41' '.9700"

"oh.

j,%
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IRON ROD P~ACE 3

WN UL N K DN OK R

1180.00 8.4746 5.009 24.941 0.707 0.488 0.96975
1190.00 0.4034 4.992 24.746 0,697 0.483 0.96945
1200,00 8,3333 4.955 24,554 0.687 0.478 0.96915
1210.00 8.2645 4.928 24.365 0.677 0.473 0.96885
1220.00 8.1967 4.901 24,i77 0.668 0.467 0.96855
1230.00 8.1301 4.873 23,992 0.658 0.462 0.96826
1240.00 8.0645 4.844 23.809 0.649 0.457 0.96797
1250.00 8.0000 4.814 23.626 0,640 0.452 0.96768
1260.00 7.9365 4.786 23.442 0.631 0.448 0.96737
1270.00 7,8740 4.761 23,259 0.622 0,443 0,96704
1280.00 7,8125 4.739 23.080 0,61' 0.438 0.96670
1290.00 7.7519 4.718 22.904 0.605 0.434 0.96635
1300.00 7.6923 4.699 22,733 0.597 0.429 0.96601 A%
1310.00 7.6336 4.676 22.6! 0.589 0.425 0,9656'
1320.00 7.5758 4.652 '.39e 0.581 0.421 0.96535
1330.00 7.5189 4.628 "'.23 5.573 0.417 0.96502
1340.00 7.4627 4.606 .565 0.412 0.96460
1350.00 7.4074 4.587 2. , 558 0.408 0.96431
1360.00 7.3529 4.569 21.75i 0.55A 0.404 0.96394 "
1370.00 7.2993 4.552 21.580 0.543 0.401 0.96356
1390.00 7.2464 4.534 21.423 0.536 0.397 0.96319
1390.00 7.1942 4.517 21,269 0.529 0.393 0.96281
1400.00 7.1429 4.500 21.115 0.522 0.389 0.9624.3
1410.00 7.0922 4.484 20.963 0.Sls 0.386 0.96204
1420.00 7.0423 4.469 20.813 0.509 0.382 0,96164
1430.00 6.9930 4.455 20.664 0.502 0.379 0.96123
1440.00 6.9444 4.442 20.518 0.1?6 0.375 0.96082
1450.00 6.8966 4,430 20.375 -.?0 0.372 0.9604C'
1460.00 6.8493 4,417 20.233 %,.'.'4 0.369 0.95998
1470.00 6.8027 4.405 20.092 .-.78 0.366 0.95956
1480.00 6.7568 4.393 19.952 0.-72 0.363 0,9591:
1490.00 6.7114 4,383 19.814 0.466 0.359 0.95867

1500.00 6.6667 4.374 19.679 0.461 0.3!6 0.959 5S22

1510.00 6.6225 4.366 19.544 0.455 0.354 0.95776

1520.00 6.5789 4.358 19.412 0.450 0.351 0.9572u

1530.00 6.5359 4.351 19,281 0.445 0.348 0.95681

1540.00 6.4935 4.344 19.153 0.439 0.345 0.95633

1550.00 6.4516 4.338 19.025 0.434 0.342 0.95584

1560.00 6.4103 4.334 18.899 0.42! 0.340 0.9553S3
1570.00 6.3694 4.331 18.776 0.425 0.337 0.95482"

1580.00 6.3291 4.327 18.656 0.420 0.33, 0.754.31

1590.00 6.2893 4.324 18.538 0.415 0,332 0.95379

1600.00 6.2500 4.321 18.422 0.411 0.330 0.95326-

1610.00 6.2112 4.319 18.307 0.407 0.328 0.9527;'

1620.00 6.1728 4.316 18.195 0.402 0.325 0.95226

1630.00 6.1350 4.313 18.085 0.398 0.323 0.95175

1640.00 6.0976 4.309 17,976 0.394 0.321 0.95125

1650.00 6.0606 4.305 17.860 0.390 0.318 0.9504'4

1660.00 6.0241 4.301 17.761 0.396 0.316 0,95023

1670.00 5.9880 4.-`9 17.655 0.382 0,14 0.94971
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IRON ROD PAGE 4

WN WL. N [IN DK R

1660.00 5°9524 4.296 17.551 0.378 0.312 0.94919 -
1690.00 5.9172 4.294 17.449 0.375 0.310 0.94867

1700.00 5.8824 4.291 17.348 0.371 0.308 0.94815

1710.00 5.8480 4.288 17.248 0.347 0.320 0.94763

1720.00 5.8140 4.286 17.149 0.364 0.304 0.94709

1730.00 5.7803 4.285 17,052 0.360 0.302 0.94656

1740.00 5,7471 4.284 16.957 0.357 0.300 0.94602

1750.00 5.7143 4.283 16.865 0.354 0.298 0.94549

1760.00 5.6818 4.280 16.774 0.351 0,296 0.94498

1770.00 5.6497 4.276 16.684 0.347 0.294 0.94449

1780.00 5.6180 4.271 16.594 0.344 0.292 0.94399

1790.00 5.5866 4.266 16,504 0.341 0.290 0.94350

1800.00 5.5556 4.261 1.414 0,338 0.288 0.9429?

1810.00 5.5249 4.258 16.325 0.335 0.286 0.94246

1820.00 5.4945 4.255 16.236 0.332 0.285 0.9419.

1830.00 5.4645 4.254 16.149 0.329 0.283 0,94137

1840.00 5.4348 4.252 16.064 0.326 0.281 0.94083

1850.00 5.4054 4.249 15.980 0.323 0.279 0.94030

1860.00 5.3763 4.247 15.896 0.320 0.278 0.93976

1870.00 5.3476 4.244 15.814 0.318 0.276 0.9392-

1880.00 5.3191 4.242 15.731 0.315 0.274 0.93867

1890.00 5.2910 4.240 15.650 0.312 0.273 0.93812

1900.00 5.2632 4.239 15.570 0.310 0.271 0.93756

1910.00 5.2356 4.238 15.492 0.307 0.269 0.93701

1920.00 5.2083 4.237 15.414 0.305 0.268 0.93645

1930.00 5.1813 4.235 15.338 0.302 0.266 0.93590

1940.00 5.1546 4.234 15.262 0.300 0.265 0.93535

1950.00 5.1282 4.232 15.187 0.297 0.263 0.93480

1960.00 5.1020 4,230 15.113 0.295 0.262 0.93425

1970.00 5.0761 4.22? 15.039 c.2Y3 0.260 0.93369

1980.00 5.0505 4.221 14.966 0.290 0.259 0.93313

1990.00 5.0251 4.226 14.894 0.213 o.257 0.032'7

2000.00 5.0000 4.225 14.823 0.286 0.256 0.93201

2010.00 4.9751 4.224 14.752 0.284 0.2f4 0.93144

2020.00 4.9505 4.222 14.682 0.282 0.253 0.9308F'

2030.00 4.9261 4.221 14.613 0.279 0.252 0.930A'.

2040.00 4.9020 4.221 14.544 0.277 0.250 0.92973

S2050.00 4.8780 4.221 14,476 0.275 0.249 0.?2915

2060.00 4.8544 4.221 14.409 0.273 0.247 0.92857

2070,00 4.8309 4.221 14.343 0.271 0.246 0.9279U

2080.00 4.8077 4.221 14.278 0.267 0.245 0.7274-1

2090.00 4.7847 4.221 14.211 ).267 0.244 0.92662

2100.00 4.7619 4.221 14.150 0.2d6; 0.242 0.92624

2110.00 4.7393 4.221 14.087 0.264 0.241 0.92566

2120.00 4.7170 4.221 14.025 0.262 O.QJo 0.?2505

210.00 4.6948 4.221 13,964 0.260 02, 0.924(.-

2140.00 4.6729 4.221 13.903 0.258 0.237 0.'23ý'

2150.00 4.6512 4.222 13.843 0.256 0.236 0.92333

2160.00 4.6296 4.222 13.784 0.255 0,235 0.9227r,'

2170.00 4.6083 4.223 13.726 0.253 0.234 0.92217

. . . . .
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IRON ROD PAOE 5

UN UL N K PN DK R

2180.00 4.5872 4.224 13.669 0.251 0.233 0.92159

2190.00 4.5662 4,224 13.613 0.250 0.231 0.92102

2200.00 4.5455 4.224 13.557 0.248 0.230 0.92046

2210,00 4.5249 4.224 13.503 0.247 0,229 0.91990

2220.00 4.5045 4.223 13.449 0.245 0.228 0.91936

2230.00 4.4843 4.221 13.395 0.244 0.227 0.91892

2240.00 4.4643 4.219 13.341 0.242 0.226 0.91828

2250.00 4.4444 4.217 13.288 0.240 0.225 0.91773

2260.00 4.4248 4.216 13.234 0.239 0.224 0.91717

2270.00 4.4053 4.216 13,181 0.237 0.223 0.91660

2280.00 4.3960 4.215 13.129 0.236 0*222 0.91603

2290.00 4.3668 4.215 13.077 0.235 0.221 0.91547 1.

2300.00 4.3478 4.214 13.026 0,233 0.219 0.91491

2310.00 4.3290 4.214 12.977 0.232 0.218 0,91435

2320.00 4.3103 4,213 12.927 0.230 0.217 0.91380

2330.00 4.2918 4.212 12.878 0.229 0.216 0.91325

2340.00 4.2735 4.211 12.830 0.228 0.215 0.912?0

2350.00 4.2553 4.210 12.782 0,226 0.214 0.91215

2360.00 4.2373 4.209 12.734 0.225 0.213 0,91161

2370.00 4.2194 4.208 12.688 0.224 0.213 0.91107

2390.00 4.2017 4,207 12.642 0.223 0.212 0.91054

2390.00 4.1841 4.205 12.597 0.221 0.211 0.91002

2400.00 4s1667 4.203 12.552 0.220 0.210 0.90951

2410.00 4.1494 4.200 12,507 0,219 0,209 C,90899-

2420.00 4.1322 4.197 12.462 0.218 0.208 0.90848

2430.00 4,1152 4,195 12.418 0.216 0.207 0.90797

2440.00 4.0984 4,192 12.374 0.215 0.206 0.90746

2450.00 4.0816 4.189 12.330 0.214 0.205 0.90695

2460.00 4.0650 4.185 -12.287 0.213 0.204 0.90645

2470.00 4,0486 4.181 12.243 0.212 0.203 0.90595

2480.00 4.0323 4.178 12.200 0.211 0.202 0.90544

2490.00 4.0161 4.174 12.156 0.209 0.201 0,90493

2500.00 4.0000 4.171 12.111 0.208 0.200 0.90439

2510.00 3,9841 4.168 12.068 0.207 0.199 0.90385

2520.00 3.9683 4.166 12.024 0,206 0.198 0.90330

2530.00 3.9526 4.164 11.982 0.205 0.198 0.90276

2540.00 3.9370 4.162 11.940 0.204 0.197 0.90222

2550.00 3.9216 4,159 11.898 0.203 0.196 0.90160
2560.00 3.9063 4.157 11.857 0.202 0,195 0.90114

2570.00 Z,8911 4.155 11.815 0.201 0.194 0.90060

2580.00 3.8760 4.153 11,774 0,200 0.193 0.90005

2590.00 3.8610 4.151 11.733 0.198 0.192 0.89950

2600.00 3.8462 4.149 11.692 0.197 0.192 0.87894

2610.00 3.8314 4.148 11.652 0.196 0,191 0.89838

2620.00 3.8168 4.147 11.612 0.195 0,190 0.89731

2630.00 3.8023 4.146 11.572 0.104 0.189 0.89724

2640.00 3.7879 4.145 11.533 0.193 0.180 0,89667

2650.00 3.7736 4,145 11.495 0.192 0,18/ 0.99811

2660.00 3.7594 4.144 11.457 0.192 0.187 0,89555

2670.00 3.7453 4.143 11.420 0.191 0.186 0.89447

p.".r
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2680.00 3.7313 4.142 11.382 0.190 0.185 0.89443

2690.00 3.7175 4.142 11.345 0.189 0.184 0.89387

2700,00 3.7037 4.142 11.309 0.188 0.184 0.89331

2710.00 3,6900 4.141 11.272 0.187 0.183 0.89274

2720.00 3.6765 4.141 11.237 0.186 0.182 0.89218

2730.00 3.6630 4.141 11.201 0.1•5 0.181 0.89162

2740.00 3e6496 4.142 11.167 0.184 0.181 0.89106

2750.00 3.6364 4.142 11.134 0.184 0.180 0.89052

2760.00 3.6232 4.141 11.101 0.183 0.179 0.88999

2770 '0 3.6101 4.141 11,068 018O2 0.179 0.88947

2780..,0 3.5971 4.140 11.036 0.181 0,178 0.88896

2790.00 3.5842 4.139 11.004 0,180 0.177 0.88245 r.
2800.00 3.5714 4.137 10.973 0.180 0.177 0.88795

2810.00 3.5587 4.135 !0.941 0.179 0.176 0.88745

2820.00 3.5461 4.134 10.910 0,178 0.175 0,88695

2830.00 3.5336 4.132 10.879 0.177 0.175 0.88646

2840.00 3.5211 4.131 10,849 0.177 0.174 0.88597

2850.00 3.5088 4.128 10,819 0.176 0.174 0.88551

2860.00 3.4965 4.125 10,789 0.175 0.173 0.88504

2870,00 3,4943 4.122 10.759 0.174 0.172 0.88458

2880,00 3.4722 4.119 10.729 0.174 0.172 0.88412

2890.00 3.4602 4.116 10.699 0.173 0.171 0.88366

2900.00 3.4483 4.113 10.670 0.172 0.170 0.88319

2910.00 3.4364 4.109 10.640 0.172 0.170 0.88273

2920.00 3.4247 4.106 10.610 0.171 0.169 0.88227

2930.00 3.4130 4.102 10.581 0.170 0.168 0.881ii0

2940,00 3.4014 4.099 10.551 0,169 0.168 0.88133

2950,00 3.389d 4.096 10,522 0.169 0,167 0.88086

2960.00 3.3784 4.092 10.492 0.168 0.167 0,88e39

2970.00 3.3670 4.089 10.463 0.167 0.166 0,67992

2980.00 3.3557 4.086 10.43E 0.167 0.165 0.87945

2990.00 3.3445 4.082 10.406 0.166 0.165 0.87898

3000.00 3.3333 4.079 10,377 0.165 0.164 0.87852

3010.00 3.3223 4.075 10.349 0.165 0.163 0.67805

3020.00 3.3113 4.071 10.320 0.164 0,163 0.87758

3030.00 3.3003 4.068 10.291 0.163 0.162 0,8770.

3040.00 3.2895 4.065 10.262 0.163 0.16: 0,87660

3050,00 3.2787 4.062 10.233 0.162 0.161 0.37610
3060.00 3.2680 4.059 10.205 0,161 0.16C 0.87560

3070.00 3.2573 4.057 10.177 0.161 0.160 0,87510

3080.00 3.2468 4.0:4 10,149 0.160 0.159 0.87459

3090.00 3.2362 4.052 10.121 0.159 0.159 0.8740._

3100,00 3,2258 4.051 10.094 0.159 0.158 0.873se

3110.00 3.2154 4,048 10,067 0.1513 0.157 0.87309

3120.00 3,2051 4.046 10.040 0.158 0.157 0.87259

3130.00 3.1949 4,044 10.014 0,157 0.156 0.8721(

3140.00 3.1847 4.042 9.988 0.156 0.156 0.8716•2

3150.00 3.1746 A.040 9.962 0.156 0.,55 0.67113

3160.00 3,1646 4,030 9.936 0.15! 0.15F 0.97064

3170.00 3.1546 4,036 9.910 0.155 0.154 0.87015
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3180.00 3.1447 4 034 9.985 0.154 0,154 0.96966

3170.00 3.1348 4,033 9.960 0.153 0.153 0.06917

3200.00 3.1250 4.031 9.836 0.153 0.153 0.06871
3210.00 3.1153 4.028 ?.812 0.152 0.152 0.86823

3220.00 3.1056 4.026 9.789 0.152 0.152 0.06780

3230.00 3.0960 4.023 9.765 0.151 0.151 0.86735

3240.00 3.0864 4:020 ?.741 0.151 0.151 0,06689

3250.00 3.0769 4.018 9.717 0.150 0,150 0.86643

3260.00 3.0675 4.015 9.693 0.150 0.150 0.06597

3270900 3.0561 4.013 9,670 0.149 0.149 0.86551

3280.00 3.0498 4.011 9.647 0.149 0.149 0s86505

3290.00 3.0395 4.008 9.624 0.148 0.148 0.86461

3300.00 3.0303 4.006 9t602 0.149 0.148 0,86417

3310.00 3.0211 4.003 9.580 0,147 0.147 0.86374

3320.00 3.0120 4.000 9.558 0.147 0.147 0.86332

3330.00 3.00U.. 3.996 9,536 0.146 0.146 0.86291
3340.00 2.9940 3.993 9,514 0.146 0.146 0.86250

3350.00 2.9851 3s989 9,493 0.145 0.145 0.86209

3360.00 2.9762 3.995 9.471 0.145 0.145 0.86168

3370.00 2,9674 3.901 9.448 0.144 0.144 0.86126

3380.00 2.9586 3,977 9.426 0.144 0.144 0,86084

3390.00 2.9499 3.973 9.405 0,143 0.143 0.86042

3400.00 2,9412 3.970 9.383 0.143 0.143 0.86001

3410.00 2.9326 3.965 9.362 0.142 0.143 0.05959..,

3420.00 2,9240 3.961 9.340 0.142 0.142 0.85919
3430.00 2.9155 3.958 9.318 0.141 0.142 0,05875
3440.00 2.9070 3o954 9.296 0.141 0.141 0.85932

3450.00 2.8986 3.950 9.275 0.140 0.141 0.05791
3460.00 2.8902 3.946 9.254 0,140 0.140 0.85749

3470.00 2.9818 3.942 9.232 0.140 0.140 0.85709

3480.00 2.8736 3.938 9.211 0.139 0.139 0.95665

3490.00 298653 3-934 9.189 0.139 0.139 0.85622

3500,00 2.0571 3.930 9.167 0.138 0.138 0.85578

3510.00 2.8490 .3.?26 9.146 0.139 0.130 0.85534

3520.00 2.8409 3.923 9.125 0.137 0,137 0.85491

3530.00 2.8329 3,919 9.104 0.137 0.137 0,85441

3540.00 2.P8249 3.916 9.003 0.136 0,137 0,85401

3550.00 2.816? 3.912 9.062 0.136 0.136 0.85360

3560.00 2.8090 3.908 9.041 0,135 0.136 0.e5317

3570.00 2.8011 3.T04 9.020 0.135 0.135 0,85273

3580,00 2.7933 301 9.999 0.135 0.135 0-852.29

3590.00 2.7855 3.897 8,978 0.134 0.134 0.8n194

3600.00 2.7778 3,994 8.957 0.134 0.134 0.85138

3610.00 2.7701 3.891 8.936 0.l33 0.133 0.85092

3620.00 2.7624 3.888 8.915 0,133 0.133 0.05046

3630.00 2.7548 3.985 8,8995 0.132 0.133 0.34991

3640.00 2.7473 3.882 8,874 0.132 0.132 0,847ý3

3650.00 2.739?7 3.880 .8.54 0.131 0.132 0.84906

3660.00 2.7322 3,877 8,834 0.131 0.131 0,84859

3670,00 2.7248 3.870, 8.814 0,13. 0.131 0.84812
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3680.00 2.7174 3.973 8.794 0.130 0.130 0,84765

3690.00 2.7100 3.870 8.774 0.130 0.!30 0,84718

3700.00 2.7027 3.868 8,754 0.129 0.130 0,94671

3710.00 2.6934 3.866 8.735 0.129 0.129 0.84624 .
3720.00 2,6882 3.863 8.716 0.129 0.129 0.94577

3730,00 2.6810 3.863 9.697 0.129 0.128 0.84531

3740.00 2.6738 3.861 8.679 0.128 0.128 0,84485

3750,00 2,6667 3.959 0.660 0.127 0.128 0.84440

3760.00 2.6596 3.957 8.642 0.127 0.127 0.84395

3770.00 2.6525 3,855 8.624 0.127 0,127 0,84350

3780.00 2.6455 3.853 8.606 0.126 0.t7 0.04305

3790.00 2.6385 3.851 8.588 0.126 0,126 0.84260 "

3800.00 2,6316 3.e50 8.570 0.126 0.126 0.84215
3810.00 2.6247 3.848 8.553 0,125 0.125 0.84170

3920.00 2.6179 3.846 8.535 0.125 0.125 0.84125

3830.00 2.6110 3.845 8.518 0.125 0.125 0.04080
3940.00 2.6042 3.844 8,502 0.124 0.124 0.84036

3850.00 2.5974 3.843 8 M5 0.124 0,124 0,83992

3860.00 2.5907 3.842 8, 0 0,124 0.124 0.83951

3870,00 2,5840 3,840 9,455 0.123 0.123 0.83911

3800.00 2,5773 3.839 8,440 0.123 0,123 0.93872

3890,00 2,5707 3.837 8.426 0,123 0.123 0.83836

3900,00 2.5641 3.933 9.412 0.122 0.123 0,93801

3910.00 2.5575 3.832 84398 0.122 0,122 0.83769

3920.00 2.5310 3.829 8,385 0,122 0,122 0,83?39

3930.00 2.5445 3.825 8.372 0.122 0,122 0,03710

3940,00 2,5381 3.821 8,358 0.121 0.121 0.93682

3950,00 2,5316 3.816 8.346 0.121 0.121 0.83656

3960.00 2.5253 3.811 8.333 0.121 0.121 0.8363..

3970.00 2.3189 3.805 8,320 0.121 0.121 0.83611

3980.00 2.5126 3.797 8.307 0.120 0.120 0,83592

3990.00 2.5063 3,789 8,294 0.120 0,120 0,83575

4016.06 2.4900 3.763 1.247 0.119 0.119 0.83503

4032.26 2.4800 3,752 8,216 0.118 0,118 0.03438

4048.58 2.4700 3,744 8.183 0-118 0.118 V.83361

4065,04 2,4600 3.741 8.149 0.117 0.117 0.83263

4081.63 2.4500 3.741 9.120 0.116 0.116 0.93177

4098.36 2.4400 3.738 8.095 0.116 0.116 0,83106

4115.23 2.4300 3.730 8.071 0.115 0.115 0.83053

4132.23 2.4200 3.723 8.042 0.115 0.115 0,82979

4149.38 2.4100 3.720 8.014 0.114 0.114 0.82900

4166,67 2.4000 3,715 7.991 0.114 0.114 0.82840

4184,10 2.3900 3.705 7.966 0,113 0.113 0.82789

4201.68 2.3800 3.696 7,936 0.113 0.113 0.82717

4219.41 2.3700 3.691 7.903 0.112 0,112 0.82622

4237.29 2.3600 3.689 7.877 0.112 0.111 0.82545

4255.32 2.3500 3.680 7.849 0.111 0.111 0.82478

4273.50 2.3400 3.674 7.820 0.111 0.110 0,82398

4291,85 2.3300 3.671 7.790 0.110 0,110 0.82309

4310.3! 2.3200 3.665 7.763 0.109 0.109 0.82231
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4329.00 2.3100 3.662 7.732 0.109 0.108 0.82135

4347.83 2.3000 3.660 7.705 0.108 0.108 0.82032

4366.81 2.2900 3,656 7.677 0.108 0.101 0.81965

4385.96 2.2800 3.654 7.652 0.107 0.107 0.81885

4405.29 2.2700 3.647 7.626 0.107 0.106 0,81816

4424.70 2.2600 3.644 7.599 0.106 0.106 0,81729

4444.44 2.2500 3.640 7.573 0.106 0.105 0.01651

4464,29 2.2400 3,632 7,548 0.105 0.105 0.81583

4484.30 2.2300 3.626 7,519 0.105 0,104 0.81498

4504.50 2,2200 3,624 7.491 0,104 0.104 0,81404

4524,89 2,2100 3.621 7.466 0.104 0,103 0.01321

4545.45 2.2000 3.616 7.440 0.103 0.102 0.81245

4566,21 2,1900 3,611 7.415 0.103 0.102 0.81166 -.

4587,16 2.1800 3,606 7.390 0.102 0.101 0.81090

4608,29 2,1700 3.598 7.366 0.102 0.101 0.81023

4629.63 2.1600 3.589 7.338 0.101 0.100 0.80947

4651.16 2.1500 3.503 7.309 0.101 0.100 0.80855

4672.90 2.1400 3.578 7.201 0.100 C.00 0.80764

4694,84 2.1300 3,572 7.254 0.100 9 0,80679

4716.90 2.1200 3.569 7.227 0.099 ?8 0.80586

4739.34 2.1100 3,563 7,199 0.099 j98 0.80498

4761.90 2,1000 3.559 7.175 0.098 0.097 0.80417

4784.69 2.0900 3,550 7,151 0,098 0.097 0.80348

4807,69 2,0000 3,542 7,120 0,097 0.096 0.80252

4830.92 2,0700 3,538 7,094 0,097 ).096 0.80158

4854.37 2.0600 3.531 7,068 0.096 0.0?! C.80080

4879,05 2.0500 3.522 7.042 0.096 0,094 0.90003 71
4901096 2.0400 3.512 7.012 0.095 0.094 0.79913

4926.11 2.0300 3.507 6.981 0.095 0.093 0.79802

4950.50 2.0200 3.500 6.956 0.0t,4 0.003 0.79721

4975.12 2.0100 3.483 A.927 0.094 0.092 0.79656

5000.00 2.0000 3.483 6.879 0.093 1.091 0.79456

5025.13 1,9900 3.494 6.855 0.093 0.091 0.79321

5050.50 1.9800 3.487 6.931 0.092 0.090 0.79238

5076.14 1,9700 3:484 6.806 0.092 0.090 0.79144

5102,04 1.9600 3,478 6.782 0.091 0.089 0.79057

5128,20 1.9500 3.470 6.755 0.091 0.089 0.78969

5154,64 1.9400 3.463 6,728 0.090 0.088 0.78872

5181.35 1.9300 3.456 6,699 0.090 0.088 0.78769

5200.33 1.9200 3.449 6,667 0.089 0.087 0,78649

5235.60 1.9100 3.450 6.636 0.089 0.086 0.78508

5263.16 1,7000 3,447 6,612 0.088 0.086 0.78410

5291.00 1.8900 3.442 6.586 0.088 0,085 0,78307

5319.15 1.8800 3.430 6,561 0.087 0.085 0.78207

•347.59 1.8700 3,431 6.534 0.087 0,084 0.78106

5376.34 1.8600 3.428 6.511 0.007 0.084 0.78012

5405.40 1.8500 3.414 6,486 0.086 0.084 0.77939

5434.78 1.8400 3.406 6.454 0.086 0.083 0.77810

5464.48 1.8300 3.402 6,424 01085 0.082 0,77690

5494.50 1.8200 3,397 6.396 0.085 0.082 0.77575
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5524,86 1.0100 3.392 6.370 0.084 0.081 0.77465
5555.56 1.8000 3.382 6.342 0.084 0.081 0.77366
5586.59 1.7900 3.376 6.311 0.083 0.090 0.77236
5617.90 1.7800 3.370 6.281 0.083 0.080 0.77104
5649.72 1.7700 3.367 6.251 0.082 0.079 0.76972
5681.82 1.7600 3.363 6.224 0.082 0.078 0.76850
5714.29 1.7500 3.356 6.196 0.081 0.078 0.76733
5747.13 1.7400 3.351 6.167 0.081 0.077 0.76601
5780.35 1.7300 3.347 6.136 0.080 0.077 0.76462
5813.95 1.7200 3.343 6.109 0.O0o 0.076 0.76333
5847.95 1.7100 3.330 6.080 0.079 0.076 0.76202
5882.35 1.7000 3.335 6.052 0.079 0,075 0.76066
5917.16 1.6900 3.329 6.027 0.078 0.075 0.75951
5952.38 1.6800 3.326 5.996 0.078 0.074 0.75799
5988.02 1.6700 3.323 5.970 0.077 0.074 0.75675
6024.10 1.6600 3.318 5.941 0.077 0.073 0.75533
6060.61 1.6500 3.315 5.915 0.077 0.073 0,75400
6097.56 1.6400 3.311 5.889 0.076 0.072 0.75279
6134.97 1.6300 3.307 5.863 0.076 0.072 0.75147
6172.84 1.6200 3.301 5.837 0.075 0.071 0.75022
6211.18 1.6100 3.296 5,809 0.075 0.071 0.74885
6250.00 1.6000 3,294 5.784 0.074 0.070 0.74751
6289.31 1.5900 3.286 5.759 0.074 0.070 0,74638
6329.11 1.5800 3.281 5.733 0.074 0.069 0.74505
6369.43 1.5700 3.275 5.707 0.073 0.069 0.74378
6410.26 1.5600 3.270 5.683 0.073 0.06q 0.74261
6451.61 1.5500 3.260 5.657 0.072 0.068 0.74146
6493.51 1,5400 3.253 5.627 0.072 0.067 0.73992
6535.95 1.5300 3.251 5.600 0.071 0.067 0.73840
6578.93 1,5200 3.242 5.578 0.071 0.066 0.73738
6622.52 1.5100 3.234 5.549 0.071 0.066 0.73598
6666.67 1.5000 3.229 5.522 0.070 0.065 0.73448
6711.41 1.4900 3.221 5.496 0.070 0.065 0.73317
6756.76 1.4800 3.212 5.469 0.069 0.064 0.73185
6802.72 1.4700 3.205 5.438 0.069 0.064 0.73021
6049.31 1.4600 3.201 5.410 0.069 0.063 0.72860
6896.55 1.4500 3.194 5.385 0.068 0.063 0.7272S
6944.44 1.4400 3.106 5.355 0.068 0.062 0.72568
6993.01 1.4300 3.181 5.327 0.067 0.062 0.724Cn
7042.25 1.4200 3.176 5.300 0.067 0.061 0.72248
7092.20 1.4100 3.170 5.273 0.066 0.061 0.72096
7142.86 1.4000 3.162 5.246 0.056 0.060 0.71477
7194.25 1.3900 3.156 5.217 0.065 0,060 0.71780
7246.38 2.3800 3.151 5.188 0.065 0.059 0.71603
7299.27 1,3700 3.148 5.159 0.065 0.056 0.71424
7352.94 1.3600 3.145 5.133 0.064 0.058 0.71251
7407.41 1.3500 3.141 5.10? 0.064 0.058 0.71111
7462.69 1.3400 3.135 5.086 0.063 0.057 0.7C7-i!
7518.80 1.3300 3.125 5.061 0.063 0.057 0.70839
7575.76 1.3200 3.118 5.034 0.063 0.056 A.7067-1
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7633.59 1.3100 3,114 5.008 0.062 0,056 0,70512

7692.31 1.3000 3.105 4,985 0,062 0,055 0.70377

7751,94 1.2900 3.096 4.957 0.061 0.055 0.70212

7812.50 1.2800 3.091 4.931 0.061 0.054 0.70042

7874.02 1.2700 3.083 4,908 0,061 0.054 0.69906

7936,51 1.2600 3.071 4.880 0.060 0,053 0969751

8000,00 1,2500 3.064 4.852 0.060 0.053 0.69571

3064.52 1.2400 3.056 4,827 0,060 0.053 0.69418

6130.00 1,2300 3,046 4,800 0,059 0,052 0,60247

8196.72 1.2200 3,036 4.773 0.059 0.052 0.69089

8264.46 1.2100 3,018 4,743 0.058 0.051 0.68926

8333,33 1,2000 3,022 1,699 0.058 0.050 0,68573

8403.36 1.1900 3,028 4o681 0,057 0,050 0.68413

8474.58 1.1800 3.016 4.656 0.057 0.049 0.68261.'"

8547.01 1.1700 3.009 4.632 0.057 0.049 0.68102

8620.69 1.1600 3.002 4.605 0.056 0.049 0.67914

8695.65 1.1500 2.996 4.581 0.056 0.048 0,67740

8771.93 1.1400 2.987 4,556 0.055 0.048 0.67574

8849.56 1.1300 2.980 4.530 0.055 0.047 0,67392

8928.57 1.1200 2.972 4,503 0.055 0.047 0.67206

9009.01 1.1100 2.965 4,479 0.054 0.046 0.67030

9090.91 1.1000 2.957 4.454 0.054 0.046 0.66857

9174.31 1.0900 2.948 4.431 0.054 0.046 0.66697

9259.26 1.0000 2.937 4.405 0.053 0.045 0.66517

9345.79 1,0700 2,927 4.377 0.053 0.045 0,66326

9433.96 1.0600 2.918 4,350 0s053 0.044 0.66122

9523.81 1,0500 2,910 4.325 0.052 0,044 0.65941

9615.38 1.0400 2.899 4.299 0.052 09041 0.65759

9708.74 1,0300 2,891 4.270 0.051 0.043 0.65534

9803.92 1.0200 2,883 4,243 0.051 0.042 0.65325

9900,99 1.0100 2.877 4.216 0.051 0.042 0,65108

10000.00 1,0000 2.868 4.192 0.050 0.042 0.64924

10101,01 0.9900 2,863 4.164 0,050 0,041 0.64689

10204.08 0.9900 2,857 4,145 0,050 0,041 0,64535 C-

10309.20 0.9700 2.845 4.122 0.049 0,040 0,64376

10416,67 0.9600 2.836 4,099 0.049 0.040 0.64198

10526.32 0.9500 2.821 4.075 0.049 0.040 0.64029

10638.30 0.9400 2.812 4.047 0.048 0,03T 0.63797

10752.69 0.9300 2.802 4.026 0.048 0.039 0.63633

10869,56 0.9200 2.790 4.001 0.048 0.039 0.63448

10989.01 0.9100 2,777 3.976 0.047 0,038 0.63256 r%

11111.11 0.9000 2.766 3.948 0.047 0.038 0.63021

11235,95 0,8900 2,757 3.926 0.047 0.037 0.62848

11363,64 0.8800 2.742 3.903 0.046 0.037 0.62679

11494.25 0.8700 2,729 3,879 0,046 0,037 0.62491

11627.91 0.8600 2.713 3.852 0.046 0,036 0,62286

11764,71 0,8500 2.700 3.822 0.045 0.036 0.62037

11904,76 0.8400 2.689 3.795 0.045 0.035 0.61793

12046.19 0.8300 2.678 3.769 0,044 0,035 0,61577

12195.12 0.8200 2.666 3.741 0,044 0.035 0.61331
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12345.68 0.0100 2,657 3.714 0.044 0.034 0.61076

12500.00 0.8V00 2.649 3.693 0.043 0.034 0.60887

12656.23 0.7900 2.633 3.669 0.043 0.033 0.60691

12620.51 0.7800 2,623 3.642 0.043 0.033 0.60447

12967.01 0.7700 2.611 3.619 0.042 0.033 0.60245

131!7,89 0.7600 2,597 3.595 0.042 0.032 0.60040

13333.33 0,7500 2.587 3,569 0.042 0.032 0.59793

13513.51 0.7400 2.577 3.549 0.041 0.032 0.59603

13696.63 0.7300 2.564 3.527 0.041 0.031 0.59412

1398.8,9 (.7200 2.54? 3.507 0.041 0.031 0.59243

14064.51 0.7100 2.533 3.485 0.041 0.031 0.59069

14298571 0.7000 2.519 3.463 0.040 0.031 0.58075

14492.75 0.6900 2.503 3.443 0.040 0.030 0.58707

14705.89 0.6800 2.486 3.423 0.040 0.030 0.58542

14925.37 0.6700 2,468 3.404 0.040 0.030 0.58397

15151.51 0,6600 2,448 3.383 0.039 0.030 0.58240

15364,62 0,6500 2,427 3,361 0.039 0.029 0,58082

15625.00 0.6400 2.408 3.336 0.039 0.029 0.57860

15973.02 0.6300 2,391 3.317 0.039 0.029 0.57700

16129.03 0,6200 2o370 3.297 0,038 0,029 0,57561

:6393.44 0.6100 2.350 3,277 0.038 0,028 0,57414

16666.67 0,6000 2.328 3.259 0.038 0,028 0.57288

16949.15 0,5900 2,305 3.241 0.038 0.028 0.571831

17241,38 0.5800 2,281 3,223 0,037 0.028 0.57087

17543.96 0,5700 2,252 3,210 0.037 0,028 0,57070

17957.14 0.5600 2.219 3.190 0.037 0.028 0.57001

18181.82 0,5500 2.189 3.171 0,037 0#028 0,56916

18518.52 0,5400 2,156 3,153 0&036 0.028 0,56881

18867.92 0.5300 2.119 3.134 0.036 0,028 0.56861

19230.77 0.5200 2,090 3.113 0.036 0.028 0.56829

19607.84 0.5200 2,039 3,091 0.035 0.028 0.56811

20000.00 0.5000 1.996 3.067 0.035 0.027 0.56784

20408.16 0.4900 1.952 3,043 0.035 0.027 0.56770 J

20833.33 0.4800 1.903 3.019 0.034 0.027 0.56830

21276,60 0,4700 1.846 2.989 0.034 0,027 0.56874

21739.13 0.4600 1.790 2.949 0.033 0.027 0.56778

22222.22 0.4500 1,736 2.906 0.032 0.027 0.56639

22727.27 0.4400 1.682 2.858 0.032 0.026 0.56423

23255,91 0,4300 1.631 2,806 0.031 0.026 0,56133

23809.52 0.4200 1.583 2.753 0.030 0.026 0.55781

24390.24 0.4100 1.538 2,698 0.029 0.025 0.55387

25000.00 0,4000 1.492 2,644 0.029 0.025 0.55020
25641.03 0.3900 1.442 2.588 0.028 0.024 0.54675

26315.79 0,3800 1.390 2.526 0.027 0.024 0.54254

27027.03 0,3700 1.339 2.454 0,026 0.023 0.53633

27777.70 0.3600 1.296 2,375 0.025 0,022 0.52742

28571.43 0.3500 1.262 2.295 0.024 0.022 0.51622

29411.76 0,3400 1,234 2,217 0.023 0.021 0.50416

30303,03 0.3300 1,207 2.141 0.023 0.020 0.49200

31250.00 0.3200 1.179 2.061 0.022 0.019 0.47834
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32250.06 0.3100 1.164 1.976 0.021 0.018 0.46049

33333.33 0.3000 1.155 1.902 0,020 0.017 0.44356

34402.76 0.2900 1.142 1,829 0,020 0.016 0,42701

35714.29 0.2800 1.134 1.757 0.019 0.016 0,40899

37037.04 0.2700 1.127 1.690 0,019 0.015 0.39204

30461.54 0.2600 1.117 1.621 0.016 0.014 0.37444 I;
40000.00 0.2500 11109 1.553 0.017 0.013 0.35602

41666.67 0.2400 1.104 1.480 0.017 0.012 0.33546

43478.26 0.2300 1.110 1.408 0.016 0.011 0.31267

45454.55 0.2200 1.125 1,347 0.016 0.010 0.29160

47619.05 0.2100 1.141 1.305 0.015 0.010 0.27659
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ME OPICAL CONSTANTS OF BSE= MAI _t IN

Larry L. Long, Mark A. Ordal. Robert 3. Bell, and
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Physics Department. University of Missouri-o'-la
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Appl. Opt. 2a, 1099 (1983).
2. M.A. Ordal. L.L. Long, RI. b1ll. and 1.1. Alexander. Jr.. 'Optical Properties of Minerals

at millimeter a"d Submillinoter Uaelongths., Prooceeding of the 198$ CSL Conference on Obsouration
and Aerosol Research. 3. Farmer and 1.N. Kohl, eds., p. 159.

3. I.E. Pool, N.A. Ordal. L.L. Lons. R.W. Alexander, Jr.. and R.3. Bell. 'Optical Properties
of metals in the Submilliteter and millimeter wavelengtha*' Proceedings of the 1983 CSL Conference
on Obseuration and Aerosol Research, J. Former and R.N. Kohl, &do., p 161.

ABSTRACT
Optical oonstants of a number of naturally occurring minerals in the submillimeter and

millimeter wavelength range were determined from the rofleotanoe spectra of pressed powder samples.
The offset of the loss of the water of hydration and of surface roughness was studied for two
minerals.

I. IHN0tRDUCION 9.

We basin by pointing out a very important feature of this work. We obtained optical conetants

by maens of Kramers-gronig transformation of reflectasne data using data from this laboratory and

the laboratory of Dr. Marvin uearry of the Optical Science Laboratory of the Physics Departest,"

University cf Missouri-Kansas City. This means that a very large spectral range is available, which

is critically important for accurate results from the Kramer-KroniIg transformation. In the ease of

the natural minerals, havinl data sets from both laboratories is especially crvoial because the

reflectance spectra have many features in the region where the two data sets overlap. So-called

vian corrections are difficult to make satisfactorily using only one or the other of the two lata

sets.

The refloctanoc of a numbet of natural minerals was measured in the 20-00 cm-' spectral range.

This date was combined with that supplied by Dr. Quarry (when available) to obtain optical constants

for the spectral range from 20 to 4000 cm-2 by use of the Krasers-gronig transformation. Our work,

along with that of Querry suggests that gypsum made anhydrous (e.g., by exposure to vacuum) would

make a good standard sample for pressed pellet powder studies undertpken by various laboratories.

The optical constants obtained in this project are important for the cal.ulation of atmospheric

transmission in the presence of aerosols derived from soils. Recently, Milhsm tas compared the

observed transmission in a cham!'er with the calculated transmission using measured optical

constants and current scattering theory. Reasonable agreement was obtained.
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Vo acknowledge the support and cooptration of Dr. Marvin Quarry of the University of

Missouri-Kansas City. Dr. Quorry supp!ied us with his infrared and visible data on a number of

samples prior to publication and provided us with most of his sample materials. To emphasize that

having data from both his and our spectral range greatly improved the accuracy of the Kramers-Kroni8 i%

analysis neossary to obtain the optical constants from the refleotanze data. Availability of his

samplcs allowed comparison of the data from both laboratories in the region of spectral overlap.

All frequencies in this report are in wavenumbers. Previous work on additional minerals was

2reported at this conference last year. For these minerals we now have data available from Querry

so we present the optical constants based upon the reflectance from 20 to 4000 or-1-

I1. NATURAL MINERALS

This section begins with some definitions. Optical constants were measured, and are presented

in two forms. They may be expressed as a complex index of refraction. A - n + ik, or as a complex
0

dielectric constant, s a .1 +1a2 " The ways of expressing the optical constants are related by
2 2 -2

k

and

4 - 2nk.
2

Table 1 lists the natural minerals vwhse optical constants weoe a- )f this

project. Most of then are not available as single crystals. This is par. .. rly true for clay
'-S

minerals, which, of course, are major constituents of many soils. Because most of these minerals

are available only as powders, measurement techniques appropriate to powders had to be used.

Samples were prepared by pressing the powder sample with no binder or matrix into a pellet

using relatively high pressure. For many minerals, this results in a pellet with a mirror-like or

near mirror-like finish at visible wavelengths. Such surfaces are more than sufficiently smooth for

infrared and submillimeter reflectance measurements. Dr. Marvin Quarry was the first to fully - "

develop this method and show that It gave good results. Because of the excellent results obtained

by Querry using pressed pellets, we adopted this method for most of our measurements upon the

naturally occurring minerals.

Before discussing the measurements, It is necessary to discuss some of the drawboaoks of the

pressed pellet technique. A major problem results from the anisotropy of most of the minerals %

studied, Whoe a pressed pellet is made, the orientation of the crystallites making up the sample is
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tandom or, ts we shall see later, partially oriented. This means that the measured reflectance from

the pressed pellet is an average of some kind over all the possible orientations of the crystal

axes. This drawback is suffered by all methods which use powdered samples, but must be accepted for

materials for which single crystals are unavailable. It may be less of a drawback than first appears

because any scaitering calculation of an aerosol transmission must average over particle orientation

and the average obtained from the pressed pellet measurements is probab:y as good as any. In any

ease. regions of strong absorption are clearly identified.

kA-c.'7.,r drawback of the pressed pellet is not all materials are sufficiently soft to make
r-J.

pallets vhioh stick together. For the minerals of this study, pellets could be made from all of e

them. However, the sur~ace finish varied. Softer materials made pellets with smoother surfaces. N.

Our conclusion is in agreement with that of Quarry, that of the available techniques, the

pressed pellet reflectance method is the best for those materials from which pe!lets can be pressed. g

TABLE I. NATURAL MINEALS STUDIED

Sample Spectral Rarg, Comments
------------------------------------------------ ------

Limonite 20-4000 co-, Naturally occuring powder
Illite 20-4000 cm-% Naturally occuring powder *

Hematite 70-400 cm-- Limonite made anhydrous by hosting
Gypsum 20-4000 cm-r Naturally occaring powder
Gypsum 20-400 ca- 1  Made anhydrous by exposeure to vacuum
Moutmorillonite 20-4000 on-' Naturally occuring powder
Kaolin 20-4000 cm-1  Naturally occuring powder
Gypsum 70-400 ca- 1  Surface roughened by I micrometer grit
Gypsum 70-400 cm-1  Surface roughened by 3 micrometer grit -
Gypsum 70-400 co-' Surface roughened by 8 micrometer grit
Gypsum 70-400 co- 1  Surface roughened by #600 grit
Gypsum 70-400 on-' Surface roughened by #400 grit
Montmorillonite 70-400 cm-1  Surface roughened by 1 micrometer grit
Moutmorillonite 70-400 om-& Surface roughened by 3 micrometer grit
Montmorillonite 70-400 cm-' Surface roughened by 8 micrometer grit
Montmorillonite 70-400 cm-& Surface roughened by #600 grit
Montmorillonite 70-400 c.-1  Surface roughened by #800 grit

0 Includes reflectance data of Dr. Marvin Quarry, Optical Science
Laboratory, Physics Department, University of Missouri-gansas City,
when available, for 400 emr-1 to 4000 om-'.

Before pressing into pellets, powders were ground as finely as possible with a mortar and

pestle. This powder was than pressed with a commercial infrared pellet die to make one-half inch

diameter pellets. Forces on the die ram ranged up to 25 thousaud pounds. This process usually

produced pellets with a good surface finish and a density ranling from 75 to 90 percent of the bulk

density. Evidence is discussed below that a surface layer exists on the pellet which has a density
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considerably higher than the average density of the pallet. This oe8as that the -- floction

measurements are mado on a surface layer having a density near the bulk value.

The reflection measurements wore made with a commercial RZIC PF-720 Fourier transform

spectrometer. A laboratory-built reflection attachment vat used to obtain reflection spectra of

several samples without the need to break the instr•aont vacuum when changing samples. A sold or

aluminum mirror was used as the reference. In the 20-400 cm- 1 region, no correction needs to be

made for the reflectivity of these reference mirrors.

The spectrometer was costrolled by an IBM PC which acquired the Interforogtam &ad then oomputed

the Fourier transform. Several isterferograms could be co-added (averaged) if needed to improve the

silnal to noise ratio, The reeslting reflectance spectra vote then Kranors-Ktonig transformed to

obtain a1 and 62, or n and k. When reflectance data from Querry was available it was added on to

our data set before the Kramerc-Kronig transform was performed.

LIMO)NITE *I...

p. -.

Limonite is Jarder than me materials, but pellets with good surface finish could

be pressed. The measured reflectance spectrum is shown in Fig. 1. The resulting index of

refractin is plotted in Fig. 2.

In addition to the powder sample, a solid piece of iuonito was ground and polished. The V...

reflectance of this sample is shown in Fig. 3. Note there are some differences between the powder

sample and the rook sample. This is probably due to partial orientation of the crystallites in the

took during its formation.

LLITE•

Illito is yet another naturally ocouring clay type material. The reflectance of a pressed

pellet is shown in Pig. 4 and the Index of refraction is shown in Fig. 5.

Rematite is the anhydrous form of linuoita. Out samples wore produced by heating the light

orange limosite until it turned dark red. Pellets were pressed from this red powder. The measured

reflectance is shown as Fig. 6. As no infrared data weore available, only the region from 20 to 400

em-& is shown for the Index of refraction in Fit. 7. The appreciable changes in the spectra seen

upon loss of the water of hydration in the change from limonitt to hematite are discussed below.

I11. RURFACE ROUGHNERS

Th. effect of surface toughness was studied to make sure that the surfaces of the pressed

pellets voer sufficiently smooth to not influence the reflectance measurements. That this is indeed
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true ass be soen from FPi. S. Plotted there is the reflectance as a function of vavemumher for

pellets of Sontmotillonite 'polished, with abrasive papers of various grit sizse from 1 micrometer

to #400 grit. There are at least two important observations to be made. Note that toughening with I

micrometer grit and 8 micrometer grit lead to identical spectra. We interpret this as meaning

roughness at the level of 8 miorousotere does not influence the I1 measured reflectance. Second. the
~...

fact that polishing with 1 micrometer grit reduces the refleotance of the pellet as pressed

indicates that the polishing operation is removing a thin layer of donsity grteter thea the average

density of the pellet. It is this evidence that convincos us that the meassured reflectance (sad

hence the derived optical *on&tasts) corresponds more closely to matOrial of nearly the density of

single crystals than the measured erast@e density of the pellets would indicate.

The effoets of surface roughnoss upon reflectance has been studied in the near infrared and

4visible by a number of workers. For example. see the paper by I. R. Sennett and 3. 0. Portags

Their asllysix suggests that the reflectance should depend upon the wavelength, X, and the nS

surface roughness, s, in t0, loro:

R - Ro cap [ -(A/).) 2 E q. (1)

where Rb is the reflectsnoe of the smooth surface. Figure 9 shows a fit to the sontmorillonite

reflectance data for surfaces polished with 8 micrometer. #600 and #400 grits. The fit with Rq.(l)

is shown where a is chosen to give a good fit and is oonsiderably, suallor than the gtit size.

The significanoe of this fit should not be over emphasized because the model is being pushed rather

hard to use it for our wavelength region and roughness. It the data is plotted as a function of
wavenuaber, instead of wavelength, a liaeor fit as a function of wavenumber works quite well. as

show- in Fig. 10. The significance of this is not obvious.

A gypsum pellet was also polished with several grit sizes, this tine starting with the course

#400 grit and then with successively finer grits. Gypsum was chosen because it has several strong

absorptions between 100-400 am-". The results are shown in Fig. 11, Once again the results suggest

the removal of a thin surface layer of density higher than the average for the pellet.

IV. LOSS OF WATER HYDRATION

GYPSUM

Figure 12 shows the measured reflectance of a pressed pellet of gypsum powder. As discussed

above, this spectrum was combined with the spectrum supplied by Querry for 400-4000 ol-' and the 1.

Kramsrs-Krotig transformation used to obtain a and k plotted in Fi8. 13. This, of course, is an

average oert the various orientations of the gypsum crystallites at the pellet surface. Oypsum is
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available as a single crystal sad Quorry haa made comparisosbe htwess the spectra of a single •

crystal and the powdr sampe. ia the infrared in hi. talk at the C.IL Conference on Aerstols a.d :

Obscurantt. in 1985'.
AIWfDBOS GTP•UN/

Naturally ooeuring gypsum oontatua waters of hydration. Nesting 85~5U or exposing it to

vacuum causes the loss of this water. The resulting snhydrous gypsum is called sahydrite. We•.

studied the effsect of this loss of water upons the optical costansts. The pellet sample was prepared %

from gypsum as described in the previous section. It was then exposed to vacuumn for a numbess of ,

days which produced a surfoac anydaite layer which retained most of the surface finisah quality of ._*

the original gypsUm pellet. The reflectance of this pellet is shown as Pig. 14. Data from Querry •.

weenot available for this sample so the optiosl constants obtained by Zraaeta-Kronig transform of

our reflectance spectrm from 20 to 400 cm-1 . The real sad imaginary parts of the dielectric

function are shown in Fig. 14. Note the considerable differences between the spectra of the

hydrated and sahydrous gypsum. The ease with which gypsum loses its water of hydration suggests that

an aerosol formed in a low humidity atmosphere would probably oassiet of s mixture of hydrated

gypsum particlas and particles of gypsum that had lost various amounts of water.'.•.

.5-.
When limonite loses its water of hydration, it becomes hematite. The spectra of these two ,'-

materials have already been discussed above. ,

IV. CCUN/DflS ON KRANS-UONIG ANALYSIS

One of the difficulties with the Kramers-Kronig analysis is the need for data over a large ..

frequency range. Typically one needs to make a wi~ng correction' to fill in the regisons of the .%

spectrumn where one has no measurements available. A number of methods have been developed for *•

making wing corrections, but all such approximations have difficulty if strong absorptions exist in .'

the spectral region where measurements have not been made. As a result, say wing correction is .- /,

doubtful at best unless soes information is known aboit the resonance. The best method is to use .-

near-infrared data made available by Dr. Querr~y of U.N.r.c.. Figure 16 presents the optical

constants n sand k for gylpsum in the 0 - 400 0U-• spectral rsange in three forms first U.N.R., second •"

U.N/.r.C. and finally th. combined set. The main differences are located at the edge of the data•"-

sets. Notice that the effect of the U.M.I. data is to basically extend the U.M.K.C. data set and "•

improve the resolution below 400 cmr-1 . ,.

This exzample indicates l.ow im, artsnt it is to have data over a very wide frequency range such -•

as that covered by the combination of the University of Nfissouri-Rolla and University of .- •
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Vissouri-Ksnssas City.

V. KAOLIN ANDPI) MN'lORILLONITE

3 2
At last year's CSL conference, Querry and we' reported the optical constants of kaolin and

montmorillouite, but at that time we did not have the Kramers-Kronig analysis available for the

combined data sets. We have now done this. Kaolin is a soft material which pressess into pellets

with a good surface finish. The Index of refraction of Kaolin from 20 to 4000 an obtained from

the Kissers-gronig aaalysis of the oombined Rolla and Kansas City ref leotance data is shkown In Fit.

17. Chemically pure Kaolin was also measured but showed no significant differences from the

naturally occuring material. X-ray diffraction and x-ray fluorescence Indicated the naturally

occuring material was 90% kaolinite. 5% muscovite, and 5% quartz.

The index of refraction of a pressed pellet of monimorillonite is shown in Fig. 18. X-Ca

diffraction and x-ray fluorescence measurements indicated the following composition for this natural~lR

occuring material: sithorillonite 80%, quartz 20%.

VI. FUTURE WORK

Currently we are measuring pressed pellets of a number of additional minerals. Measuremtents

will also be extended to longer wavelengths using a liquid-helium cooled detector. This work will

continue to be done in cooperation with Dr. Quarry so that advantages of the extremely wide spectral

range will be uvailable.

VII. SUMMARY

Optical constants have been measured for a number of naturally occuring minerals. The effect

of loss of the water of hydration has been studied. The effects of surface roughness upon

reflectance measurements has been determined and found to be negligible in our spactral region. The

importance of having measurements over as wide a spectral range as possible is emphasized. This

work is being prepared for publication in the near future.
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Optical constants in the lF11. subanX, and mX have bee& studied for graphite sad fifteen metals: At.

Cr. Co. Cu. As. Ve. Mo. Pb. Ni. Pd. Pt. Ag. Ti. V. sand W. Special attention has baee paid to go sand

graphite. The optical properties of Fe &trewall described by the free eleotron Drude model with the

scattering frequency ag T 147 m~ . sand the plasm frequency a,- 3.29 10 @as1. These values yield

the optical resistivity Popt = 3.15 x 1076 B 03 . The optical properties of a pressed pellet of

J'..

graphite &re domisated in these spectral ranges by an overdanped horamio oscillator and virtually no

free carriers N ( 10 cm . The resonance frequT oy. a.. for this overdae•pd oscillator is about 99.5

cst1 wtith a donopis frequency r - 7054c1 a high frequency

dielectric constant s. 49.8 and asn oscillator strength be - 3.04 x 10'. A nsw techi•que using the

first derivatives with respect to fraquency. a. of either -aI or 2 has been introduced for the

dieleotrio function so- =1 + is 2 . In this technique if only -8 vs. a is known experimentally (or only

I vs. a is kaown), one can obtain both Drude model patsmeters s and p. Lu both cases at all

frequencies for which the Dt=de model applies.
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1. Introduction

Te veto asked to measure the optioa osstAuts of Fe send raphito in the submit, and mm) ranges. In

order to design experiments, to interpret and predict results, and to understand the optical properties,

we had to include other vetals in our &enoral studies. New data interpolation techniques had to be

developed to smooth experimental data for further analysis. In the ease of Staphite, lattice effects in

the form of an overdamped harmonic osoillator are introduced.

The optical properties of Fe found in the open literature very considerably.1.2 In the sub=nX and

mLX ranges, the reflotace of metals is Senerally over 99 percent making simple reflectance or

traesmission experiments extremely difficult. This has forced us to reconsider known, more elaborate,

experimental techniques and to design now experimental approaches. Above about 103 wavenumbers band

effeots become important for moot metals.
2

Graphite has lower reflectance* at these frequenols and so ditect reflectance measurements have

been made. However, the measured optical properties have forced the introdUction of phonon or lattice

3effects which dominate in the subtmo range and in a good part of the omw ranse.

To use updated experimental studies, we utilize the visible, Ir, and FIR iron data of Querry4 and

our submak and ra". data for graphite. We believe earlier Fe data should be replaced with the results

of Quarry's recent experiments.

For free electron dominated metals -71 is negative whenover .( , as is th. case for all

metals studied so far at the lov frequencies. For lattice dominated materialsI such as graphite one

finds aI . 0 in the sub). and at least in most of the mm) range. In the wavenumber rtase a ( 2 am

free eleotron effects may again dotnate yielding overall negative C1fs for graphite.

In this article ell frequencies are in vavenunbers, and all resistivitics at@ in Ohm cn.

Everything else is it ogs units.

I. -I
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12. Utilization of IR Literature

The basic equations needed for the analysis of the open literature data begin with the general

definitions

a ÷ + 2 , (n+ik) 2 (u2-k2) + i(lnk) (1)

where a is the complex dielectric function, and a is the complex index of refraction.

For the free electron model5-7 with an added damped harmonic oscillators included, the dielectric

functions become

2 2 2 2

/01 22 + [e .2/. (2)S+ [,- 1. ,1 -0
TO TO

and

2 2

+ - --L------ + (3)I,+ [O-6 / [,- ',4, + [ -,o

where a is the free electron scattering frequency, ap is the free electron

plasma frequency, (6s) - (to - S ). a° is the low frequency dielectric function, a is tb4 high frequency
o0

dielectric constant, f is

the damping frequency for the damped oscillator, and w is the transverse optical frequency or resonant

frequency.

At frequencies snob that the Drude model is valid, one may obtain both w and O at a given

frequency W from'

(4)

and

2 2 2

At low frequencies it is well known that

2
5 U 60 (6)

42 " P opt (Ohm c) Go)
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As an example. we used Querry's Fe data 4 and applied Eqs. (4) and (5) to obtain w and a With

-1 4 -1 
k

- 147 em and a - 3.29 x 10 on71 for Fe, w extrapolated -€c and c2 into the euj)m and ml)%

rseans as can be seen in Fig. 1. Quorry's reflection data, Fig. 2 was analyzed using the [ramerse-ronig

relations 9 10 to yield either a and k vs. a as shown in Fig. 3 or -a1 and a2 as shown in Fit. 1. Using
1-6

94. (6) we obtained Popt I 8.15 a 10 Ohm ea.

For another example from the open literature, we show a similar set of data for An in Fig. 4. The
1 %

reflectance data had been analysed by others to obtain -a1 and a2 vs. w in the literature. To fit the

2
data using lqs. (4) and (5). One sees 'iat both materials have high frequency baud problems , but as is

decreases they behave like free electron dominated metals. For the Ar. we obtained 0- 215 om 1 , *n .
4 -6 ''

7.28 x 10 cm 1- and popt " 2.43 x Ohsm Cm.

To have studied many metals %.2 obtain a frel for the Drude model parameters W , a and Pt. We

have done the analyses as we did for Fe and have obtained the results for 15 metals given in Table 1.

For eomparifour a and P, are given for whoh metal along with w and wp. Experience has taught us
01; t .c T p

that the Drude model does wall at low fr-qneaoies - even better than generally thought. The trend Is

that new more precise optical data come closer to the predictions of the model based on pd4 in Eq. (6)

than previously found. On occasion it seems that some values of pdc should be remeasured.

Figures So and Sb show the values of p and pdo (iven in Table 1) plotted against one another.

All of the good conductors follos the Drude model quite well as can be seen in Fi&. Sa. However,. only a

few of the higher resistivity metals eshibit good agreement with the Drude model. It could be that bot'•.

better IR and/or resistivity measurements should be usde.

In studying the optical properties of metals one needs to know which bulk and skin effects are

dominant in given frequency and temperature ranges. Is the metal obeying the rules for the classical,

relaxation, transmission, anomalous skin effect, or anomalous reflection regions?e-7 To grapple with

the problem on* prepares a vs. * plots (called Casimir-Wooten diagrams) for each metal. 7 . 1 2 The "'-

boundaries between the ragions for Fe at room temperature are shown in Fig. 6. Wt used i W 147 cm1 ,

S.29 10 4 nc and the parameter I - 14.4 on-m from

I ! /4.249 x10-4a (7)

L2wc soem u2

13
where V is the Fermi velocity. Onerry's Fe Drude-like data is represented by the solid horizontal

bat at v - 147 cm- . The dashed line is also his data but is in a non-Drude-like regime at w > 800 cm-1

2 7
due to band effects. The squiggles in each region illustrate a multiply scattered electron's path as

it scatters from the surface and other targets (snch as phonene, other electrons, defects, etc.) in a

high frequency radiation field. The metal surface (represented by the vertical solid line) has photons
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incident from the left. The vertical dashed line is at the skin depth from the sutrface. Of course. the

scattering is a function of both the scattering frequency *, and the frequency of the radiation. A good

7
reference is lootens' book but one notes his v is in radians per second i.e., a - 2mv (with v In Is)

and his v is in seconds. That is, Wooten's v and our v are related by the expression v - 1/(2Oro ).
102

where i is in wavenumbera and c - S x 1010 cm/soe.

'pq

III. Slopes and the Drude Model

In the subm). and mo ranges, one is dealing with a two parameter (a, and a.) theory. 7  Often an

experiment will yield s and not -aI or vice versa. If the data follows the Drude model, the slopes of

'2 vs. v (or -a. vs. a) can be used with a' (or -81) to obtain both a. and w and thus -a1 (or a

Taking derivatives yields the exact Drude model results if one only knows s2 and wants ai:

D -w d (ln(2 ))/do (8)

which gives the exact results (at all Drude valid frequencies) of: 7
OT a= [(3-D)/(D-1)J1/

2  (5)

and

W to [ea 0 (1 + 2/ 2)]1/2 (10)
1. .41 e

Note that there are simple integral limits (1,2.3) on D:

a.' (( a' -).b-

as 0 - D-1

as' )> as -> D-3

If one only has aI he can obtain v2 using these exact equations from the Drude model:

E--m d 1 la(l - sI) ]/da (12)
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which gives the ernst results (at all Drude valid frequencies) of

- ,., ( (2-1)/ 11/2 (13) N.

and

mp,{(1-8lm )a l+*'/wo• ]1/2 (14) -

with integer (0. 1. 2) limits ')n R:

E-1-

u., ))< s --> BO ,

es>) E-

The magnitude oa D or E indicates whether or not the e# ox3 '2 data is above or below the croesover

frequency for -1 equal 'I found at a, - V i.e., the boundaxy between the classic&! and relazation

t,,..,.. If D sad R as calculated are outside their ranges of I 5 D S 3 or 0 1 S _ 2. the metal is not

Urude-like at that frequency. In fact, the ranges on D and E can sometimes be used to check whether or

not a metal is Drues-like at some frequency. If the metal is Drude-like, one can ascertain at a given .-

wyether a ( wor w = _o. That is, the metal is in the classic region (a < i ) it 1 D 1 2

h.d 0 S . 1 or it is in the relanation region (w> a) if 2 . D 1 3 and 1 .1 2. If the sample is

Dvt Drude-like the compatS . i -aJ E's can fall outside of their ranges of 1 to 3 for D and 0 to 2 for

E. FPr calculations of othe- sorts it is interesting to note that

14

Al ail Dlts.te-lie frtvonsolae. !u vraotiofe we oftru o tko dat before taking d-ri'vtives, and we

hoes, ths froeqeODUT iate:'Veli, lkar1l,

Ija *tabla 2 it, i):rtat theo *,lops othod, uystz-g Ft as arn eta~mple. we evalust.4 tke-- IN is data

to1,3 httek a" 'a uimv 'S Alt %e fild'. Awn eot-.Mhs. tv*ao.ywith 0vs 4 dte~t. VC 0'tAA~jVd

V 2
the results is the 1'Ast two Column.. T15046 ftcbavrl ate to Toe GWVmprod to'a 147 Ca' a Aod

1.2tn104 es found with the fitting of the complete It det '114,13 asing Bkqt. (4) and 1. Por

determiaing a? the slope method rsing -&I yields the best values. The beet results for ap would come

from sweragluS the valves fo•ml In both slope methods.

In Table I for fitteena , we e oaps ,a - ,t, ".a by the slope method used on ai o w

0 date, 5qs. (0) 404 ki0), wit' kog fouad by 'h t , •s 1).2'1

p'.,



M1. Using Surface Electromagnetic laves to Obtain pst

If one measures in cm the 1/o intensity propagation distance, L * of surface eleotromagnetio

* 17-20Swaves (SEW) for frequencies below about 103 wevenumbere, he can obtain the SEW resistivitieso P SSW

in ow f(roe

30 2 (17)

The propagation distances near 103 - are of the order of 1 c for good conductors and of 2 to 5s

for poorer conductors such as transition metals.20-22 As a is lowered the propagation distances

increase and as a approaches 100 cm-1, one may have the best way to obtain low frequency
3 -1 17

resistivitios. Since Eqt. (17) holds from 103 a-n to do17, one is not concerned where v a ansd with tn

other approximat ions.

In Table 4 the results of oualysin$ SEW propagation distances for many metals to obtain K areSEW;

presented. These results are compared with p from fitting Ii data sad Ode fro' handbooks. 1 The

agreements are not particularly good, but we feel bettor values of L can be measured on more fully

characterized metal samples.

V. Not Using Thermal Meteod*

Studies of about 20 metals have shown that thermal data. anob as electronie heat oapaoities, #et.,

are of limited value to estimate the optical constants of metals at subm)X and wnk. Using electrooic

heat capacity coefficients, Nll coefficients, %H and pdo'& faoilitate easy caloulations of the

optical 4oustants. Bowsv~r, the results compare well with the IR based measurements only for the good

conduecors. The cmplicated Foili surfaces of many metals ruined many attempts to find a reliable method

of obtaiLian an avorate Nall coefficient. If an-ane is further interested, he may find v3 aslues in

Card'*. Chien tud Wlestgate's, and tittel's books 2 3 '24 ,13 and y values froe Viescher and Falicov. 25
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VI. Graphite Dominated By A lesonsnce

25 -Vo have measured the reflectanO3 of a Dixon 200-10 graphite pressed pellet from 400 to 3.2 an

-1From the visible range to 180 am Quarry has sade reflectauce meawarementa on the sane sample and our

joint results ate plotted in Fit. 7. The dashed line in obtained by a Drude model fit to the data

calculated from mainly handbook 1 information: pdo. - 1.375:10-$ 0 cs , p - 1.80 ga/cm (measured by

us). the lowest valence. V - 2 and M - 12.01 gm/mole. These parameters yield * 3.71i10$ cn and

A- 1.27:10 c- from the well known relations
p

2 c) SPd( on

60 (18)

and

2 No2  2VI(1to .... . . . (19)
p 2 2P cfm ,rc2M '.

where L is Avogadro's number. These Drude reflectance predictions look fine until one uses Sq. (19) to

23 3learn that N - 1.8z10 free carriers per an Is estimated. Such a high concentration of free

19 -3 27carriers does not agree, even remotely, with N - 210 cas measured by Woolf., t aI or as

28
related by Spain. Furthermore, using theme parameters one obtains *1 a +0.9 whioh is a very smail,

positJve constant over the whole subm" and msX ranges. These last ooments arise from having 0 )a P
'p%

which in itself is quite unusual.

On the other hand, if one uses a Krauers-EroniS anslysir 9 , 1 0 3f these reflectasce data he obtains

+ and 2 as r-.ssented in Fig. 8. This data is reminiscent of an overdemped harmonic oscillator as

teen for lattice or phonone efforts in Eqs. (2) and (3) and Lgg of large free carrier concentrations.

The best eyeball fits to these data come from sa 49.8. bs - 3.04z101 , O. - 99. cn -1 end r - 705

on'. (A good fit requires the three significant figures, but the original reflectance date does not

3,29 3
warrant suoh accuracy.) Using our papers on electron-phonon interactions and both bulk and surface

ufet29  19 -3 21
effects9, we place an upper limit on N of about 10 cm which is about what Woolf, et al. found in

their data. (See their paper for 10 cm long sad 35 va diameter graphite fibers produced from bensene

compounds.)

In Fig. 9 the 41 and a2 data of Fig. 8 is re-introduced to show that the lrnde model can be very
1e 2

misleading if not szamined in different aspects as we have done. In Fig. 9. one sees that the high

frequency velles of a2 are very well estimated ty the Drude model, so-much-so, that the Drude model does

better tbhs the ovotdumpcd eseAllator mode) of Fig. 8. Boweves, at lov freqeencies the Drude model
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obviously does not predict the peak in a2. The most telling defects of the Drude-handbook predictions

are the as values. Since the experimental data show Sa.ep))a and that there is a large dip sear V
-1sx 1.bruds

300 on-' which is not in the free carrier model, one has to abandon any model which is dominated by free ,%
5',%

carriers for graphite in the sub)m. and in at least most of the a range. In this view one might
-1

conjecture that band effects are important in graphito for a > 400 cm and that oould account for the

disagreements between the oscillator model calculations of a2 and the experimental data for e2 at the

higher frequencies. These observations obviously reject a purely free-carrier dominated model for K
graphite in the subsn" and mwX ranges.

As one makes more measurements in the lower vmo and cal ranges, it is likely that free catrier

effects will appear in electron-phonon interactions.3 These interactions can produce dips in the

reflectances both above and below ww.

For completeness, in Fig. 10 the values of a and k vs u are given from the Kramers-Ironig analysis

of the reflectance of the Dixon 200-10 graphite sample shown in Fig. 7.

y
VII. Future Work

To need to take more low frequency data for Pe and graphite. We have developed out techniques

involving ordinary FTS 0, non-resonant cavities, plane parallel waveguides. high incidence angle

31reflection, solid state =X sources with isolators, and an asymmetric Fourier transform

spectrometer. 30These techniques will enable us to extend our present results. There are several types

of graphite yet to be studied- submal. and unX data are needed- and we plan to use LU. temperature

detectors to enormously increase our sensitivity in almost all of the experiments. We want to continue

developing new measurement and data analysis techniques.
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VIII. Sumary

We have sorted the -s1 and *2 data for Fe and conclude that - 147 cn a, p- 3.29z104 o a and

- 8.15zO1 0 an within the Drude model framework. Graphite behaves more like an overdaMpdPopt oedme

harmonic oscillator with very few free carriers with oscillator values of a. - 49.8. be - 3.04zlO.

on - 99.5 am -, and r - 705 cm-1. The combined electron-phonon effects3 await more mata and omw

studies. Many metals obey the Drude model, even more than sometimes expected. It is recommended that do

measurements of the resistivity of each sample be made whenever possible.

We have Zone beyond the requests for Fe and graphite data and have determined values of w., f andSp
p for fifteen metals. These results are in Table 1.1,2,4.15
popt.

Now data analysis techniques have been developed by us using the slopes of dielectric function vs W

data to obtain w and w when only sI is known and not a2 (and vice versa). We studied SEW and thermal

techniques to obtain optical constants and conclude that there is promise in the SEW technique but not

the thermal approaches for most metals.

We have several papers at the writing stage to be presented to refereed Journals.
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a data for this graphite sample. The extremely poor, non-existent fit to the a, date (the

constant, computational curve is off the graph at the bottom) is obvious.

198

~ ',* * ... . ~ .. ..... ...- . . . . . 4 ... *** *.**. ** -.-...... . . .. -



60
n

30

de.

10O 102 104•

Wavenumber, (cm :-

1...

1991

e " .I.
*Fi$. 10. n and k v s for th o D izon 200-10 gr aph ito s ample. The cu r-v es cam e from a 1K analys is of th e ••

reflectance data in Fig. 7. .•

-S"-

V ..

199"-

-. . . . . ..... .. . . . . . .. . . .. .... .... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ... ". -
• :, - . .,o• '• . .. ' .' •. . -. ,' / ,' . . . '.,, .*., , ,- - ." ._-*-. - " . " .-.. .. •.. ...... . .• . ' . ., , . .-



Table 1. Summary of IR Fit Results

Metal 10 2 W 10- c tc -.-C ¢ tI€e:. dc"-

(cm (Cm-) (p-Cr) (Pf-cm)

Al 6.C- 1.9 2.80 2.74

Cr 5.59 3.07 35.6 12.9

Co 3.78 3.26 21.3 5.80

C'- 0.68 5.58 1.32 1.70

Au 2.15 7.28 2.43 2.20 ..'

Fe 1.47 3.29 8.15 9.8

Pb 13.9 6.20 21.7 21.0

M4O 4.61 6.05 7.56 5.33

NI 3.51 3.94 13.6 7.04

Pd 1.24 4.40 3.84 10.55

5.22 4.10 18.6 10.42

Ag 1.45 7.27 1.65 2.61

3.62 2.03 55.6 43.1
kA

V ;.89 4.16 17.0 19.9

W 4.87 5.17 10.9 5.33

a(At 22 degrees C) taken from pages 9-39 and 9-40 of

the A'.P Handbook, 3rd ed., McGraw-Hill (1972).

°p.•
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Table 2. Use of the slope method to find w and -

for Fe (all quantities shown are in cm- '

--2"

Wavenumber 10 i0-k 10

(from -E, slope) (from c.; siope) .•

185 1.35 3.20 0.91.5 3,.66 •

190 1.31 3.16 0.91"7 1 . 6, A.

195 1.29 3.15 0.896 3.68

200 1.28 3.14 0.886 3.70

205 1.25 3.12 0.890 3.69

210 1.22 3. "0 0.907 3.67

215 1.21 3.09 0.899 3.68

220 2.8 3. 0 0.925 3.64

225 1.18 3.08 0.933 3.63

230 1.16 3.06 0.944 3.62

235 1.18 3.C7 0.956 3.'S "

240 1 .13 3.05 0.962 3.59

245 1.17 3.07 0.975 3.57

250 1.17 3.07 0.971 3.58

255 1.15 3.04F. 0.981 3.57

260 1.1.3 3.0S 0.977 3.57

265 1.11 3.04 0.970 3,58

270 1.16 3.0ý. .L955 3.60

27! 1.16 3.06 0,939 3.63

280 1.11 3.04 0.902 3.69
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Table 3. Summary of v, and w values obtair.ed

from the IR Fit and Slope methods.

2..

Metal io w 0T w0 Method

(cs- ) (cm-

Al 6.61 11.9 ZR Fit

Al 6.45 13.5 Slope

Cr 5.59 3.07 IR Fit
Cr 3.20 3.26 Slope

Co 3.78 3.26 ZR Fit
Co 3.95 2.42 S.ope

Cu 0.68 5.58 ZR FIt
C C.5f, 5.44 Slope

2.15 7.28 ZR Wit

A 2 .03 7.97 Slope

Pe 1.47 3.29 IR Fit
Fe 1.07 3.36 Slope

Pb 13.9 6.20 IR Fit
Pb 18.5 5.27 Slope

Mo 4.6. 6.05 1R Fit
mO 6.23 3.96 Slope

N1 3.51 3.94 :R Fit
NI 3.12 3.20 Slope

Pt 5.22 4.10 ZR Fit
Pt 6.51 3.61 Slope

Ag 1.45 7.27 IR Fit
Ag ".43 7.?58 Slope

3.82 2.03 IF Fit
Ti 6.41 1.80 Slope

V 4.89 4.16 ZR Fit
V 4.97 4.29 Slope

W 4.87 5.17 ZR Fit
W 8.15 4.01 Slope
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Table IV. Comparison of handbook reslstlvlties with resistIvities

calculated from the SEW, and IR Fit results.

Metal Wavenumber Propagation Resistivity (Wn cm)

(cm') Length (cm) p Pb P-: • o pt d € ,'

Al 1080 0.75 11 2.8 2.7

Al 1080 1.1 7.4 2.8 2.7

Al 945 0.65 15 2.8 2.7

Al 945 1.25 8.6 2.8 2.7

Cr 945 0.1 110 36 13

Cr 945 0.075 140 36 13

Cu 1080 0.92 8.9 1.3 1.7

Cu 1080 1.85 4.4 1.3 1.7

Cu 1000 2•6 3.7 1.3 1.7

Cu 945 1.6 6.7 1.3 1.7

Cu 945 0.74 14 1.3 1.7

Cu 945 2.25 8.6 1.3 1.7

Cu 945 2.4 4.5 1.3 1.7

Au 1080 1.25 6.6 2.4 2.2

Au 945 C.3 36 2.4 2.2

Au 945 !.72 6.2 2.4 2.2

Au 945 0.5 2: 2.4 2 .2

Fe 945 0.12 89 8.2 9.8

In 945 0.24 45 . .. 8.8
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Table IV (cc.%.•lnued). comparison of handbook reslstivlties

with res.stlities calculated frce the

SEW, and '. Fit resl.!.

Meta- Wavenumber Propagation ResistivIty (ý:; cmn

c,: ) Len g th (cm ) 0 9 . pP O-,.• op" 4

Mo 1080 0.58 14 7.6 5.3

Mo 945 0.78 14 7.6 5.3

N1 :000 0.35 27 :4 7.0

Pd 0000 0.23 42 3.8 "

Pt. iCO 0 37 26 1 1-0

Ag 1080 1.5 1%.5 1.7 1.6

Ag 945 2.0 5.4 1.7 1.6

.Ag U45 0.5 21 "7 I.1

fTon -.=1,e IV re;ene. - , ' .1

DVaITes of C t;kn f-om Table 1 U: reference f151.

:(at 2?. degree.s C) taken from pages 9-99 and 9-40 of
the AlP Handbook, 3rd ed., McGraw-Hi!' (:972).

""Not 2istd !.n Table I of reference ':52.

N
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FAR-INFRARED EXTINCTION PROPERTIES OF METhL POWDERS

V. P. Tomaselli
K. D. Moeller

Fairleigh Dickinson University
Physics Research Laboratory

Hackensack, N.J. 07601

ABSTRACT

We describe the results of extinction measurements made on dispersed metal

powders. These results are a continuation of previously reported studies.

Data for copper spheres and bronze flakes are presented and compared. The

wavelength range covered in these measurements is from 10 to 125 micrometers.

DISCUSSION

The extinction coefficient for metal powders dispersed in a transparent

polyethylene matrix has been determined using transmission measurements.*

Data obtained from three instruments are used to characterize the powders: a

grating spectrophotometer for the infrared region, a Fourier transform -

spectrometer for the far-infrared region, and a CO 2 laser-based photometer system

operating at 10.6 micrometers. The laser-based apparatus was incorporated to

study sample aiscs having high concentrations of powder, and thus low

transmittance.

The objectives sought in this series of measurements is to investigate the

effect of (a) wavelength, (b) particle size and shape, (c) particle

concentration, and (d) powder composition on the measured opticdl piopeities. '

* For a discussion of the sample preparation technique and experimental method, see
"Infrared Study of Metal Powder Extinction Properties", V. P. Tomaselli and K. D.
Moeller, Proc. 1982 CSL Conference on Obscuration and Aerosol Research, p.153
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In T-ble I, we list the physical characteristics of the metal powders under

consideration for this series of experiments. All powders were obtained from

- commercial sources and were used without arty subsequent modification or

treatment. As can be seen from Table I, powders with a reasonable range of '.

physical characteristics are available commercially. However, the fabrication of

controlled, "custom-made" particles should be considered as the next step in this

project.

TABLE I

Physic; Properties of Metal Powders Studied

Type Name Shape Size Apparent Density

Copper 200-U Flake "44 j, 0.5 g/cc

R-9427 Flake % 44 p 1.41.

R-9428 Flake u 30 p 0.52

Leico Spheres 1-- u

Bronze Pale Gold Flake 3- 5 p (90% Cu/10% Zn)

Measurement error and reproducibility effects continue to be a significant

part of this project. Figure I presents sce typical results of errors introduced

by data scatter in transmittance measurements (upper plot) and fluctuation in

data resulting from repeated trials on the same series of samples (lower plot).

These results were obtained for a bronze powder at a concentration of 1% by

weight, but similar behavior was observed for other powders as well.

""LO0B............ . . .... .... ...



In Figures 2 and 3, we show the wavelength-dependence of the absorption

coefficient for a bronze powder and a series of copper powders, respectively. The

Pale Gold 1400 graph includes data at four concentrations ranging from 0.1% to

1.0%. The quantity plotted on the vertical axis, s O )/fw is a weight fraction

nor..alized absorption coefficient expressed in units of 1000 cm- 1 . Here fw is the

weight fraction of metal powder dispersed in the transparent matrix. Figure 2

shows that the absorption decreases with increasing wavelength for all values of

fwt that good agreement between the values obtained from the three methods is

quite good, and that the weight-normalized absorption coefficient is essentially

independent of concentration. The data point labelled "CO2 " represents a value

obtained from the laser photometer method.

In Figure 3, data for four different copper powders is presented. All

powders are in the form of flakes, but they differ in their average particle size

and apparent density. Density differences here are attributed to the variation in

the thickness of the flake. The data in Figure 3 shows that the weight normalized

absorption coefficient is independent of wavelength in the region investigated,

id has a lower numerical value than does the bronze flake powder.

In Figure 4, we have plotted the absorption coefficient against metal

powder concentration, for two wavelengths. Theie does not appear to be any

significant concentration dependence for this data. A listing of experimental

data for copper powders is presented in Table II.

The decreasing absorption from I0 to 120p in Pale Gold particles

suggests that we are observing the tail of the resonance behavior. According

to elementary dipole theory, the resonance should be about two times the

average particle size. The nearly flat shape of the copper flake curves

does not support this viewpoint. We have undertaken to examine the behavior

of spherical particles in more detail, and other participants in the Smoke

Program are investigating cubes. For the next step in this project, we will

..09°
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study "custom-made" particles having exact dimensions and arranged in unclustered

arrays in a known dielectric environment. The size of these particles will

be chosen to produce an expected resonance in the center of the spectral

re•!on to be studied.

TABLE II

Some Experimental Results for Copper Powders

S)1fwx, O-3 ,cm-,

Name Size Shape fw I0.0i 3 3 . 3 p i00i -"

Leico 1-Su Sphere .01 1 1 1

.02 1 1 1

200-U v 444 Flake .01 6.7 7.4 7.2

.02 5.9 6.5 ---

R-9427 •44p Flake .001 0 1 1

.01 1 1 1

R-9428 n'30v Flake .001 3.3 6.3 8.5

.01 4.8 5.1 5.8

R-9429 -10P Flake .001 4.7 7.7 7.3

.01 6.5 6.6 2.8

i%

II •
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15 ERROR and

4O REPRODUCIBILITY

Calculated '
"5 error from analysis

(data from Itrial)
a 0'

0
N ]5- ~Palo Gold 1400 '-l o

)g I0 " II ,.'"°

Reproducibility

(data from 3 trials)

0 I I I I I I I I
0 20 40 60 80 100

Xt Po

Figure 1 - Example of error and reproducibility in measured
absorption data.
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30 DEPENDENCE
JlC~ Pole Gold 1400

AA

EV f

.0-I0 .00 ,

0 1 0 .002 11'28~ ~ .005 :

V 0 .'

.X,/,,M

Figure 2 - Wavelength dependence of the weight normalized
absorption coefficient of a bronze powder. The
powder particles are in the form of flakes. The
parameter fw is the weight fraction of metal powder
suspended in the host medium. Small numbers adjacent
to data points represent repeated values. Pale Gold
1400 is the product name for a bronze powder (90%
copper, 10% zinc) supplied by Atlantic Powder Metals
(Elizabeth, NJ).
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WAVELENGTH DEPENDENCE

Copper Flake Powders, fwZ. 01

0 200-U ,0,44j&m,0.50g/cc
10 2 000S0 CDOO 0 0 0

Io

10-I R-9429 IO01nm,0.95g/cc

2 10 R-9428 0 30,um,0.52g/cc
000 0 00 0 0 0x• 0 .,.:; 0-.

-0'

10 R-9427 ,441m, i.41 g/cc
, ..

7:2 40006 0 80 100 120

Figure 3 -Wavelength dependence of the weight
normalized absorption coefficient of
copper powders.
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Investigation of the Reaction betveen Single Aerosol

Acid Droplets and Ammonia Gas A.

Glenn 0. Rubel
US Army Armament, Munitions and Chemicel Comnand

Chemical Research and Development Cancer
Abardeen Proving Ground, Maryland 21010

James W. Gentry
Department of Chemical Engineering

University of Maryland
College 'ark, MD 20783

ABSTRACT N

This paper concerns the measurement of the reaction dynamics between single acid droplets and
amonis gas. This work has been submitted for publication as follows:

i.

G. Rubel and J. Gentry, "Investigation of the Reaction between Single Aerosol Acid Droplets and Ammonia
Gas", in press, J. Aerosol Science, 1984. r

Future research will be directed at measuring the reaction dynamics in the presence of monolayers.

INTRODUCTION

One of the esrlier investigations of the reaction between acid droplets and ammonia gas was con-

ducted by Robbins and Cadle (1958), hereafter referred to as RC. Determining the aerosol ammonium ion

concentration as a function of downstream distance in an aerosol flow reactor, the extent of reaction

of the aerosol was determined as a function of particle size for discrete times. The extent of reaction,

for a fixed time, increased with decreasing particle size and the initial reaction rate was governed by

a second order surface phase reaction. However, surface phase reaction models, with constant velocity 5,

constants, could not predict the entire reaction history of the aerosol. In general the experimental

reaction rate was significantly smaller than that predicted by a surface phase reaction model which

employed the aforementioned velocity constant. Changing the aerosol carrier gas from pure nitrogen to

a mixture of helium and nitrogen, RC detected no measurable difference in the aerosol reaction rate.

Since the ammonia gas phase diffusion coefficient was measurably disparate for the two carrier gases, it

was concluded the rate controlling process observed by RC during the later stages of reaction was not

Sas phase diffusion but internal particle diffusion.

Also using an aerosol flow reactor, Huntzicker, Cary and Ling (1980), hereafter referred to as

RCL, studied the reaction between H2SO4 droplets and RH3 gsa for relative humidities between 8 and 80!.

The experiments were similar to those of RC in that the particle size range of interest varied from

approximately 0.3 to 1.0 micrometers in diameter. Hcwever, the NH3 gas partial pressure employed by HCL

was approximately 0.1 dyne/cm2 , roughly two orders of magnitude lower than the pressures used by RC.

Furthermore, as opposed to the conclusion of RC, HCL proposed that the reaction dynamics were controlled

by gas phase diffusion and internal particle diffusion. HCL found no evidence of surface phase reaction.
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From mass transport considerations the reaction coefficient, the fraction of molecules striking a sur-

face which react, was found to increase with particle size, varying froo 0.3 to 0.7 for particle dia-

meters varying from 0.3 to 1.2 micrometers.

It is the intent of this study to investigate the reaction dynamics between acid aerosol droplets

and ammonia gas. Understanding the role that surface phase reaction, gas phase diffusion and internal

particle diffusion play in the aerosol reaction dynamics will be of central importance. A new experi-

S mental method is employed to study the aerosol-reaction dynamics continuously; continuous monitoring--"

permits the identification of transition points in the reaction history which are associated with cata-
strophic events such as particle crystallization. Such detailed information is difficult to discern

from discrete time analyses characteristic of aerosol flow reactors.

EXPERIMENTAL SYSTEM

The measurement of the reaction dynamics of single acid droplets in the presence of NH3 gas is

based on the principle of electrodynamic balance within a continuously mixed chamber (Rubel and Gentry,

1984). A charged droplet is stabilized at the null point of an alternating electric field which is

established by impressing an alternating voltage across a hyperboloidal electrode. Changes in droplet

mass are determined by changes in the direct current voltage required to balance the droplet at the

focal point of a 35m objective. In the present study, the extent of reaction, which defines the rela-

tive amount of reacted and unreacted acid, is determined from the increasing weight-balancing voltage.

"RESULTS

Figure I depicts the reaction dynamics measured in the electrodynamic chamber for phosphoric acid

droplets with diameters 42. 50, 65, and 72 micrometers, at an external NH3 partial pressure of 400 dy-nes/
2

cm . In all cases, for the first second of reaction, a rapid increase in the extent of reaction occurs.

The maximum extent of reaction achieved during the initial growth phase is relatively insensitive to

particle size. Following the initial growth phase, a slower growth phase dominates and the maximum

extent of reaction achieved during the latter growth phase increases With inireasing particle size.

Specifically for particle diameters 50, 65, and 72 micrometers, the maximum extent of reaction is 222,

341,and 572 respectively. Remarkably for the 42 micrometer droplet, the second growth phase is coa-

pletely inhibited and subsequent internal particle diffusion does not occur. "
At some characteristic time, a sharp transition in the reaction dynamics occurs and the particle

reaction rate slows once more. Supported by visual observations that particle crystallization occurs

just after the onset of this slower rate process, it is asserted that gas-phase diffusion-controlled

particle-reaction dynamics are terminated once particle crystallization occurs. The sharp transition

in the reaction dynamics is consistent with a catastrophic event such as particle crystallization.
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The effect of the external NH3 partial pressure on the reaction dynamics is shown in Figure 2.

The maximum extent of reaction Pchieved during the second reaction phase decreases with increasing

external NH3 partial pressure.

Figure 2 shows the comparison between experiment and theory when the total reaction dynamics is

modeled as an initial surface-phase reaction and a secondary gas-phase diffusion-controlled process.

The value of the second-order velocity constant k is set equal to 1.0 X I05 cm4 mole-' sec-' in agrtement

with the findings of RC for the H2 SO4 /NH3 system. As is evident from Figure 2, the maximum extent of

reaction achieved during the gas-phase diffusion-controlled process decreases with increasing NH3

partial pressure. At Pj(.') - 1000 dynes/cm the gas-phase diffusion-controlled process is short lived

and it is expected with increasing NH3 pressure the gas-phase diffusion will completely vanish. The

total reaction dynamics for these conditions appear as an initial surface phase reaction followed by an

internal particle diffusion controlled process, as was observed by RC. As the NH3 partial pressure is

reduced, the g-s-phast diffusion-controlled process becomes more prominent as was evidenced by HCL.

REFERENCES

Hurtzinger, J. J., Cary, R. A., and Ling, C., Env. Sci. and Tech. 14, 819 (1980).

Robbins, R. C. and Cadle, R. D., J. Physical Chemistry, 62, 469 (1958).

Rubel, G. 0. and Gentry, J. W., Particulate Science and Technology (In press).
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FIGURE I. REACTION DYNAMICS AS A FUNlCTIONi OF PARTICLE SIZE. ''
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FIGURE 2. REACTION DYNAMICS AS A FUNCTION OF NH3 GAS PRESSURE.
Increasing gas pressure diminishes the duration of the gas phase
diffusion process (D) and accelerates particle crystallization.
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IR EMISSIVE CLOUD STUDY
%" .

*.4

P. Ase and A. Snelson
lIT Research Institute

Chicago, IL 60616

ABSTRACT

The production of an infrared emitting aerosol requires an exothermic chemical or physical

reaction to occur in a cloud of suspended material. The effectiveness of such a system depends on the

chemical composition, size, shape and phase of the particles involved, the chemical and physical

processes responsible for heat generation and the dissemination technique employed. During the last

year, experimental work has continued to investigate some of the above facets of the IR emissive

cloud problem. The results of these studies will be presented in a Technical Report to be submitted

In October, 1984.

The above study was supported by the Chemical Systems Laboratory, Aberdeen Proving Ground,

through the U. S. Army Missile Command, Red Stone Arsenal under Contract No. DLA900-80-C-2853.

Other documentation of this work may be found In: -4

P. Ase, R. Remaly and A. Snelson, "IR Emissive Cloud Study", Proceedings of the 1983 CSL

Conference on Obscuration and Aerosol Research p. 185.

P. Ase, R. Remaly and A. Snelson, "IR Emissive Cloud Study", Tactical Weapon Guidance

and Control Information Analysis Center, Final Report No. GACIAC SOAR-83-05o June, 1983.

Future work is expected to be directed at investigation of a new infrared aerosol.
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ON POSSIBLE EXPERIMENTAL APPLICATION OF SOME PROPERTIES
OF THE FIRST EXPANSION COEFFICIENTS

OF THE PHASE FUNCTION

A. Coletti
School of Geophysical Sciences
Georgia Institute of Technology

Atlanta, Georgia 30332

ABSTRACT

The possibility of applying semi-empirical models based on the formulas of geometric optics to the
light scattered by non-spherical particles has been investlgatea with laboratory experiments. They
demonstrated some properties of the asynnmetry parameter that are applicable in determining the internal
homogeneity of monodisperse aerosols. A complete description of the results is given in:

A. Coletti, 1984: Light Scattering by Nonspherical Particles: A Laboratory Study, Aerosol. Sci.
and Tech., 3, 39-52.

In the case of aerosol polydispersions, Grams, (1981), Pollack and Cuzzi (1980) and Ackerman at a!.
(1981) suggested that anomalously low values of asymmetry parameter can be found in nature as an effect
of nonsphericity of the particles. Consequently, a study on t"e radiative properties of the strato-
spheric cloud of El Chichdn was initiated and results wire reported in:

A. Coletti, D.J. Hofmann and J.M. Rosen, 1984: Padiative Properties of the Stratospheric Cloud of
the Eruption of El Chichdn at Visible Wavelength: A Comparison Between Balloon-borne Horizon
Photography and Optical Counters (Submitted to Jour. of Atmos. Sci.)

Specific aspects of these subjects have also been discussed during presentations at the 1984 CROC con-
ference on Obscuration aid Aerosol Research (poster session) and at the International Radiation
Symposium, Perugia (Italy), 21-29 August 1984.

One of the problems commonly encountered analyzing experimental data of light scattering is related
to the fact that it is practically inconvenient to take measurements for directions close to the direc-
tion of the illuminating beam (Oand 1800); therefore, data interpolations are sometimes necessary in
the forward and backward directions in order to complete the data set.

In this paper some preliminary results of numerical calculations will be discussed. These calcu-
lations w're performed in an attempt to establish general criteria to apply to .nterpolations of light
scattering data for backward directions. At this stage, the analysis has-been carried out on spherical
particles.

INTRODUCTION

In the case of spherical particles the geometric optics approximation gives results comparable with

the Mie theory for values of the size parameter x (-2rr/x) of the order of 100 or 1000. In the case of

nonspherlcal particles, there are many features in the angular light scattering diagram (phase function)

that practically disappear when averaged over the total number of possible orientations of the particle

in space. Therefore, in some of these cases semi-empirical approximations, based on formulas of

geometric optics, have been suggested and applied even for very low values of size parameters of the v
equivalent volumne sphere. Since semi-empirical approximations sometimesfail to properly describe the

backward scattering (Coletti, 1984), it is interesting to investigate how the oscillations character-

istic of the functions describing the light scattering by spherical particles, merge into the smoother S.

domain where the formulas of the geometric optics are valid.
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Mathematically, the angular characteristics of light scattering can be described by any convenient

set of orthogonal polynomials. In particular, van de Hulst (1980) in Fig. 10.5 shows how Legendre

polynomial coefficients up to the 35th order have a common characteristic behavior as function of size

parameter. For increasing size parameters, higher orders of polynomial coefficients start t(, uecome

relevant and, after reaching a maximum, they start oscillating with decreasing amplitudes. In the case

of non-polarized light, the first two coefficients are proportional to scattering coefficient and

asymmetry parameter, respectively. In what follows, the meaning of these two coefficients will be

discussed in respect to the polarization of the light.

DEFINITIONS

Light rays crossing a large light-absorbing particle are strongly attenuated so that only the

rays reflected from the surface and those diffracted need to be taken into account. Under these

circumstances, the scattering and extinction coefficients (indicated with Qsca and Qext' respectively)

can be approximated by formulas of the kind (see Irvine, 1965; van de Hulst, 1957; Kerker, 1969):

Qext 2(1)

Qsca " 1 + w, 1 + I (wl" + w2') (2)

and the asymmetry parameter by:

<cose> = (1 + w'gj)/(l + wi) (3)

where

w - (w1 + w2) (4)

and

2 .7 (2c - 1)(Irx 2  + Ir2 (2  do - (gI + g2) (5)

where r, and r 2 are Fresnel reflectances (M. Born and E. Wolf, 1969, Sec. 13.4), o cos2 r, and ¶ is

the complement of the angle of incidence of a ray on the particle surface. Here, we redefine the

quantities w" and g (i - 1,2 for the two orthogonal planes of linear polarization) in a slightly

different way. Starting from the phase function P (e), we can define the integral quantities:

g I PI(e) cose d(cose) (6)

w i P (e) d(cose) (7)Wl -- sca )I"-

In analogy with the preceding case results,
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'Cowo - 1 (g1 + g2) (8)

Qsca " * (w, + w2 ) (91.

Since the quantities g1 , g2 , and wl, W 2 are related one to the other, through the asymmetry

parameter <cose> and the scattering coefficient Qsca we found it convenient to plot the ratios:

Rg gi/<ccse> (10)

and ()

S"WI/Qsca (1 :

RESULTS

Let us start considering the scattering coefficient and the asymmetry parameter shown in Figs. la

and lb for particles having the same real part of the index of refraction (n * 1.6) and three different

values of the imaginary part (k U, 0.05, 0.5).

5.0 * 1%.0

16A

04.0 m - 1.6 .I .6
M---m1.6-O0.051' 1

s.0 W /,,, - -.a oAo ,
m- 1.6-0.51 0. ms5

1 --0.51
- - ... .. . . .m.*1. - O.51* I 0 -. 6D

•01

SIZE PARAMET1E, X SIZE PARAM1tE., X"

(a) (b)

FIGURE 1. SCATTERING COEFFICIENT (a), AND ASYMMETRY PAPAMETER (b).

The previously defined scattering ratio and asymmetry ratio R are shown in Figs 2 and 3 as a

function of size.

For values of size parameter smaller than 1.5 the ratios are practically constant and equal to

the asymptotic value they assume in the case of Rayleigh scattering. Wh.le the asymptotic value of

Rw can be easily computed analytically, the value of Rg a 1.18 has to be computed as a limit for
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decreasing x, because both numerator and denominator of Rg identically vanish in the Rayleigh scattering.

In Figure 2, for size parameter equal to 1, the value of R is Just slightly higher for non-
w, -

light-absorbing particles than for absorbing particles. This is due to the relstively low value of

polarization at 900 exhibited by light absorbing particles. For size parameters between 1 and 2,

Rw decreases. In fact, as Indicated in Fig. 4a, the angle of maximum polarization is moved toward

the backward direction decreasing the difference betwen the values of the two scattering integrals.

V..

0 M1.6.Sa- 1.6 - 0.051:-.
.- 1.6 - 0. .

SIZE PARAMITI,,X

FIGURE 2. SCATTERING RATIO. The ratio between the
scatte, ',q Integrals for parallel polarization and

unpuiarized light as defined in Eq. (11).

1.0

0 .61.6
A m1.6 - 0061
.6 •1.6 -O.0.

.3

SIZE PARAMETER, X

FIGURE 3. ASYMMETRY RATIO. The ratio between the integrals
of asymmetry for l!ght polarized and unpolarized, as defined..

in Eq. (10).

,w
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Light absorbing particles at size parameter 1.6 have features in the polarized phase functions that

are characteristic of larger values of size. In fact, Fig. 4b shows a scattering lobe forming at angles

around 1400 in P2 (6). The evolution of the lobe with x along with a simultaneous decrease in the forward

scattering causes the value of Rw for light-absorbing particles to be greater for size parameter 1.6 and

above. In fact, the absolute value of the complex refractive index is higher for light-absorbing

particles, having the same real part of refractive index of non light-absorbing particles. Therefore,

the -Hght rays crossing the light absorbing particles undergo longer optical pathlength.
4

oI,

I 'MU WTIVE IWO 3 - (I.10O0. .0 IM ...... -- -----.. .. . . ,.. .".. .

~UiC~~ ow (Ii-..IS_

.I. 1.6

1 1.10 1 0

/N

.01 ..... 

t 

.. .. .. .

1V 

..... 

12D 

. .. .

t t- W IN

S6o'go SCo,• •l $ TTRING O LE,• THETA
SCATTERIND ME,.t A TIHIETA

(a) 
(b)

FIGURE 4. POLARIZED PHASE FUNCTIONS. Particles of size
parameter x - 1.6. Solid curve is P (e);

dashed curve is P2 (e). (a) Non-light aisorbing.
(b) Light-absorbing with k - 0.5.

The ratio R for refractice index m - 1.6-10.5 reaches 1.12 for x = 7; simultaneously, the scatter-

Ing efficiency Qsca in Fig. la loses its ripple. The ratio Rg of Fig. 3 for the less absorbing particles

has a pronounced broad peak for x around 7 when, correspondingly, thv scattering efficiency and the

asymmetry parameter have the first main minimum. The reason for this is easily found in the polarized

phase functions for values of sizes inside and outside the peak. Figure 5a shows the phase functions

P I(o) and P2 (0) for non-light-absorbing particles of size parameter 4 and Fig. 5b for size parameter 6.

In the figures, the shaded area marks the region contributing the nost to the values of ratio Rg* For

size parameter 6, the shaded area in the backward scattering has relatively higher Importance than in the

case of x a 4. In fact, at size parameter 6, refracted and diffracted rays undergo negative interference,

decreasing the importance of the forward scattering. As further proof, it is possible to observe that

the positive peak in the R plot (Fig. 3) diminishes as the imaginary part of the refractive index atten-
g

uates the refracted rays. For increasing imaginary nart of the refractive index, both ratios become
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(a)(b)

FIGURE 5. POLARIZED PHASE FUNCTIONS. Non light-
absorbing particles. (a) Size parameter x - 4.

(b) Si, parameter x - 6.

V•.

less sensitive to the size parameter and the asymptotic value given by the geometric optics for

large absorbing spheres is approached for x betwen 10 and 30. This asymptotic value depends

slightly on the complex refractive I .oex entering in the Fresnel formulas (on this topic see

also the cases discussed by Prishivalko, 1963).

Experiments performed in the laboratory suggested that in the case of particles of irregular shape

and complex refractive index close to 1.5-0.11, this asymptotic value can be reached for size parameters

as little as 7 (Coletti, unpublished data).
J,

CONCLUSIONS

The discussion presented and the examples reported demonstrate the information content of the

Integral quantities wt and g, introduced in Eqs. (6), (7), (10). and (11). While some of these

quantities may have modest physical meanings, their use in the applIcations may be convenient.

Experimentally, Rw and Rg present numerous advantages as ratios of polarization measurements which are

insensitive to multiplying factors in the instrumental calibration and Pre relatively imnune to noise

and experimental errors.

During extensive optical measurements of angular scattering, these or analogous quantities may

be profitably used for real-time monitoring of experiments, or for generating a "quick look" at large

data sets.
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The next step of this research will be that of repeating an analogous discussion for the orders

* of Legendre polynomials that enter more directty in the backward scattering.
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RADIATION TORQUR ON A SPHERE ILLlIn:NATUD WITH CIRCULARLY-POLARIZED
LIGMIT AND THE ANGULAR MDWNTUM OF THE SCATTERED RADIATION

P. L. Marston+

Department of Physics, Washington State University
Pullman, Washington 99164

and

J. R. Crichton -
School of Natural and Mathematleal Sciences, Seattlc Pacific University

Seattle, Washington 98119

ABSTRACT

This paper concerns the calculation of the radiation torque on spheres and the conceptual
understanding of the angular momentum transport of scattered electromagnetic fields. Related work
which has been published includes:

1. P. L. Marston and 3. R. Crichton, "Radiation Torque on a Sphere Illuminated
with Circularly Polarized Light," Journal of the Optical Society of America
11, 528-329 (1984).

2. P. L. Marston and J. H. Crichton, "Radiation Torque on a Sphere Caused by a
Circularly-Polarized Electromagnetic Wave," Physical Review A30, 250P-2516
(1984).

In the present paper the principal results of these calculations are summarized together with a novel
explanation of the rate at which angular momentum Is radiated by the scattered field. This angular
momentum is decomposed into its "orbital" and "spin" parts. This decomposition explains why the
torque should vanish on a nonabsorbing isotropic dielectric sphere.

RADIATION TORQUE ON A SP1,ERF'

We recently calculated the torque on an isotropic sphere illuminated by a circularly polarized

plane wave. The formulation of the other fundamental cross sections by lie (1908) and Debye (1909)

for homogeneous isotropic spheres give the well-known efficiency factors for scattering, absorption,
extinction, and radiation preasure usually designated by Q , bs, Q aend 0 respectively.

exintincc abe* ext' pr

Consider a homogeneous isotropic sphere of radius a illuruinated in vacua by a z-directed

wave of positive helicity (i.e. the s-projection of the photon-spin is positive). We refer to ýhis

wave as being left-circularly polarized. The incident wave's fields may be written2 oRerxp(-1it)1

wane as eig efB~x-it) tt1 El 0 at xp-2

and VoRe[B axp(-Iwt)] where E, " (i+i9)exp(ikz) and -BI E ; E and P2 designate

similarly dimensionless scattered fields. The origin 0 of the coordinate system (Pig. 1) coincides

with the center of the sphere. It is also the center about which the radiation torque is specified.

The radiation torque r is equal to the average rate which field angular momentum is transported into
the sphere. For the steady-state problem under consideration, this equals the flux of angular

+P. L. Karston was supported in part by an Alfred P. Sloan Pellowship and by the Office of

Naval Research.
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momentum through a concentric spherical surface of radius r > a. A conservation theorem relates this

flux to the time-averaged Maxwell stress dyad <T) of the total (incident + scattered) fields via the

surface integral 2 2

"r - dS'<T> xr (1)

The symmetry of the problem under consideration gives r' - r - 0 while 2

r -=L a 2Qr/W (2)

where 1L a 2 €/Af is the incident irradiance and is the torque efficiency factor. The integral

in Eq. (1) say be partitioned giving 
2

Q " Qll + Q12 + Q21 + Q22 (3)

Qij= - k(2wla 2 )-1 G " ()

G - rRe [F.E (E• r•-1)+ . (P B x r-)jd•, ()-

and the integration is over a solid angle of 47r sr. Equation (3) partitions O into terms involving

incident fields (Qll), scattered fields (022). and mixed terms (0 + 02). Evaluation of the A Is

facilitated with the modern formulation of vector spherical harmonics and associated theorems. 2  The

expansion coefficients of the T'2 and B follow from the usual boundary conditions at the radius a
22

used in Rio theory.

V.
It is not difficult to show that Q 0; the remaining Q may be evaluated in the kr % -

limit. Occasionally tedious algebra reduces them to usual Hie-theoretic efficiency factors:

Q - Qsc ' Q2 Qext (6a.b)

and - 0. Evidently the torque efficiency factor is

Qr Qext -Qc Qabs (7)

so that Q. vanishes for a lossless dielectric sphere.

The analysis leading to Eqs. (2) and (7) has been extended to include spheres with radial "2%

gradients of the refractive index and elliptically polarized plane-wave illumination.2  We need not t

consider these results here or in the discussion which follows.
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SPIN AND ORBITAL PARTS OF THE ANGULAR NONENTUM RADIATED BY THE SCATTERED FIFLD

Central to the prediction that the torque vaniAhes for a lossless dielectric sphere it the

intermediate result, Eq. (6s), which requires the flux of the z-compouent of the angular momentum

radiated by the scattered field (considered alone) be proportional to the total scattered power. This

requirement may at first appear to be in conflict with the following physical argument. Consider the

radial flux density of angular momentum at a distant observer (r >> ka2 from the sphere's center)

where the scattered field R29 B2 has the local appearance of an elliptically polarized plane wave.

These fields may be locally approximated as due to superposition of left and right hand plane waves

having irradiances of I+ and I_, respectively. According to this argument the radial flux of the

radial-component of the angular momentum is proportional to (I+ - I) while the radial flux of the a-

component of the angular momentum should be proportional to (I+ - I-) cosO where 8 is the sca.Laring

angle as defined in Fig. 1. Since the illumination is circularly polarize" ne flux densities must

be Independent of the azimuthal angle 0. A detailed calculation of Cnoe tLe of spin angular Momentum

radiated by the flux of photons into all directions gives the following result

s~pin IL~

dt w Qspin (')

S r 2

Qspin I (I+ I_)cose 62 (9)

where the integration is over a solid angle of 41 sr. The reason for the spin designation on this

flux (and on the efficiency factor Qspin ) will be evident from a subsequent discussion.

The left and right handed irradiances I+ and I may be computed using the expressions for

.9.
the dimensionless scattered fields F and R Expressions for the far-zone scattered fields

2 2

appropriate for circularly-polarized illumination may be alternately obtained using conventional Mie

theory and a linear transformation like the one described on page 189 of Ref. 3 (supplemental list of

Reference, below). Either approach gives the following proportionalities

where S+ $ S $2 in which S, and S are His scattering amplitudes in the usual notation (see

e.g. Ref. 3). Evaluation of the required proportionality constants and a tedious evaluation of tne

integral in Eq. (9) yields the following "spin" efficiency fcctor
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2 . (n+l) [In1 1 1+2 ] b2QspIU= (ka) i a n(a+l) n bk

+ Re[ b* + anb:+) (11)0+1 [V1+1 n7+

where an and b are the "scattering coefficiente" of Kim theory In the usual notation. 2 ' 3  (The
n n

coefficients an and b are proportional to the strengths of oscillating electric and magnetic

aultipoles, respectively, which give rise to the scattered fields. 2 ) We have numerically evaluated

Eq. (11) for representative losl0ess and loesy spheres and find that 0 ( Q ( Q . Since
spin oc

Qopin sc' it is evident that Eq. (8) does not give all of the angular momentum flux of the

sattered field. Indeed, if one assumes that the flux to be entirely specified by Qspin' it vould be

expected that Q" et - Ospl which does not vanish for a losslese dielectric spherea

To resolve the apparent conflict, It Is necessary to Identify radiated angular momentum not

Included in Eq. (8) which was Included In our enact evaluation of Q2 2 " The local angular momentum22*.

density of the scattered field is proportional to?

' ( x 1 (12)

vhere 2 and 2 are normali1ed scattered fields as in Eq. (5) and the normalization used is such e

that
2

-- kr-2 J 2 da (13)Q22 " 2•a

In the limit kr a • and the integration is over a solid angle of 40 or. The rolevant component of

J2 may be split Into the following terms

2 ~ +2 +2 (14)J2 spin orbital surface

api,•n k-2

R J(I*.L 1 (16)
orbital k 2 2 %

2If kRe (iV -[I*('r X 22),(17)su-.rface• k 2
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where use has been made of conditions V.P2 - 0. V.12 - 0 and the requirement that the physical

fields are solutions of Maxwell's equations having a harmonic time dependence. In Eq. (16), L "

denotes operator i.L In which L - -i(rxV) Is an infinitesimal rotation operator. 4  Rence the

identification of right side of Eq. (16) with the orbital angular momentum of the field. The angular

momentum associated with the right side of Eq. (15) lacks a lever arm and hence it may be attributed

to the intrinsic spin of the field. The decomposition of field angular momentum given by Eqs. (14)-

(17) Is similar to that discussed by 1umblet and others except we choose to write it in a gauge- ,.

invariant form.

4.
In our original evaluation of Q2 2 , the Integral in Eq. (13) was evaluated directly using a

multLpole expansion of E2  and B2" This procedure gave Eq. (6a). We now sua-arize the results of

using Eq. (14) in the evaluation of this tntegral. These are as follows:

IZ-surface d• - 0 , (18)

kr 
2

2•s 2  'p Q (19)

2

-22 J Zorbitaf - ~c - spin (0

where Q is defined as in Pqs. (9) and (11). inspection of Eqs. (13), (14). (111), (19), and (20)
spin

confik z that 0"22 Q "c)

DISCUSSION e

The physical result of this analysis is that Eq. (A) correctly describes the spin

vnontribution to the radiated angular momentum but It fails to include the orbital part described by

Eq. (20). The result that the field possesses an orbital angular momentum is consistent with

4-7decompositions applied to other radiation problems. our analysis affirms our previous

prediction1' that the torque should vanish for a looeseb isotropic dielactric sphere illuminated by

a plane wave.

Consider the application of this analysis to 'Rayleigh scattering" from a small sphere for

which the only nonvanishing scattering coefficient may be taken to be a1. Then the scattering

32 2efficiency reduces to Qec 2 61a1 () so that Eq. (11) Lives Q spna Qc /2. fience the radiated

z-component of the angular momentum is partitioned equally between orbital and spin parts. Equation

(7) requires that the scettorer uot be lossliss if there is to be a torque. From the perspective of
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classical physics, losses give rise to a phase shift between the induced dipole moment and the

rotating X-fIeld of the incident wove. This phase shift is essential if there is to be a radiation

torque.
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TRANSMITTED-WAVE AND RAINIOW-ENRAN(CD GLORIES OF DIELECTRIC SPHERES'

P. L. M4arston and D. S. Langleye*

Department of Physics
Washington State University

Pullman., WA 99164

ABSTRACT *1.'-

This paper reviews research on enhanced backscattering and polarization phenoume due to the
axial and rainbow focusing of rays having noe-sero impact paramet.%rs. The emphasis is on glory waves
associated with rays transmitted through the sphere in contrast to the well known case In which parts
of the glory ray travel circumferentially on the sphere's surface. For this class of "transmitted- .

wave' glories, we have developed novel models of (i) the focal parameters of the virtual ring-like
,ource of glory waves; (1i) the angle-dependent phase and amplitude properties of these waves in near-
backward directions, and (iiL) polarization phenomena for Incident linear and circularly-polarized
illumination. Some of the research is discussed Jn the following publicationst

.a-

1. D. S. Langley and P. L. Marston, "Glory in the Optical acksacattering from Air
Bubbles," Physical Review Letters 47, 913-916 (1981).

2. P. L. Marston, 1l. S. Langley, and D. L. Kingsbury, "iUght Scattering by Bubbles In
Liquids: Mie Theory, Pbysical-Optics Approximations, and Experiments," Applied
Scientific Research 38, 373-383 (1982).

3. P. L. Marston and D. S. Langley, "Glory in Backscattering: .4e and tiodel
Predictions for Bubbles and Conditions on Refractive Index in rrops," Journal of
the Optical Society of America 72, 456-459 (1982).

4. P. L. Marston, "Light Scattering by Bubbles in Liquids: Comments and Applications
of Results to Circularly Polarised Incident Light," Applied Scientific Research
40,3-5 (1983).

5. P. L. Marston, "Uniform 1ie-theoretic Analysis of Polarized and Cross-Polarized
Optical Glories," Journal of the Optical Society of America 73, IR16-1818 (1983).

6. P. L. Marston and D. S. Langlay, "Clory- and Rainbov-Enhanced Acoustic
Backecattering from Fluid Spheres: Models for Diffracted Axial Focusing," Journal
of the Acoustical Society of America 73, 1464-1475 (1983).

7. P. L. Marston, K. L. Williams, and T. J. B. Hanson, "Observation of the Acoustic
Glory: Righ-Frequency Backscattering from an Elastic Sphere," Journal of the P

Acoustical Society of America 74, 605-618 (1983).

8. K. L. Williams and P. L. Marston, "Mixed-mode acoustical glory scattering from a
large elastic sphere: Model and experimental verification," Journal of the r
Acoustical Society of America 76, 1555-1563 (1984).

9. P. L. Marston and D. S. Langley, "Strong backscattering and cross polarization
from bubbles and glass spheres in water," Proceedings of the Society of Photo-
Optical Instrumentation Engineers 089, 130-141 (1984).

The last item listed includes t review of most of the earlier optical research. The emphasis of this
research has been on bubblas or drop-like scatterers for which the relative refractive index Is <
1.18. The focal-paramaters derived and the approximations for the amplitude and phases of the gTory
waves may be trivially generalized to other drop-like scatterers. For example, when the relative

*Research supported in part by the Office of Naval Research and in part by an Alfred P. Sloan
Fellowship held by P. L. 4.

**Present address: Departpent of Physics, Whitman College, Walls walls, WA 99362.
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refractive index is between 21/2 and 2, there will be a strong glory wave due to the transmitted wave

having two chords (and a single reflection). Previous calculations of the focal parameters and the

existence conditions for transmitted-wave glories are critiqued in items 3 and 6. Items 6-8 are

concerned with the acoustical analog of glory scattering. These are listed since they give the most V

couplete derivations of focal parameters and angle-dependent phase shifts and they describe both the

fa.-field4 (distance to the observation point r >) >s ) and the lesc restrictive Freenel region

(r >> ka )

k.

*6.
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Infrared Spectroscopy of Single Aerosol Particles
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Dept. of Physics

Polytechnic Institute of New York
Brooklyn, New York 11201

A.B. Pluchino
Infrared Space Optics Section, Chemistry and Physics Laboratory

Aerospace Corp.
P.O.Box 92957, Los Angeles, California 90009

This paper describes a means for obtaining the infrared absorption spectrum of a
single aerosol particle by photothermal modulation of visible scattered light v
near a structure resonance (Structure Resonance Modulation Spectroscopy). This
work was presented, published and submitted for pub!ication as follows.
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3. S. Arnold and A.B. Pluchino, "IR Absorption of a Single
Aerosol Particle by Photothermal Modulation of Structure
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Aerosol Research. April.1983; Aerosol Sci. and Tech.2,
194(1983).

4. S. Arnold and A.B. Pluchino. "Molecular Spectroscopy of a
Single Aerosol Particle", San Francisco Meeting of the
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1345(1983).

5. S. Arnold, M. Neuman and A.B. Pluchino, "Molecular
Spectroscoy of a Single Aerosol Particle", Opt. Lett.
2, 4(1984).

6. 5. Arnold, and A.B. Pluchino, "Infrared Spectroscopy of
Single Micron-Sized Particles". 1984 CRDC Conference on
Obscurration and Aerosol ResearchAberdeen Proving Ground, -

Maryland, June, 1984.

7. S. Arnold, E.K. Murphy, and G. Sageev, "Aerosol Particle
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INTRODUCTION
This paper is concerned with a means for measuring the spectrum of Q on

a single aerosol particle In the IR. There a-e a number of reasons for wanting

to make such a measurement. Our motivation originally arose in connection with

modeling photophoresis. The force In this case was shown to be proportional to
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Qa as well as an anisotropy factor which describes the distribution of the

internal field sources.i.2 Consequently the only way to Isolate the

anisotropy factor experimentally was to measure both the photophoretic force and

Qa. Unfortunately at the time no means existed for measuring Q. on ii
Isolated particle. Since the spectrum of Q. would also provide fairly

comlete information concerning both the emissivity of the particle as well as

local effects which control aerosol obscuration, we attempted to formulate the

first such spectroscopy. In what follows we will show that the spectrum of

Q may now be determined experimentally. In addition since the absorption of

IR is sensed by photothermal evaporation from the particle, our measurements

allow us to follow the associated mass transport processes.

Measurement Principle

This new method Is called Structure Resonance Modulation

Spectroscopy(SRMS). 3 SRMS is in a sense an amplification scheme, where

a small amount of absorbed IR causes a large change in visible scattered light.

When Infrared radiation Is absorbed by a small solution drop in equilibrium with 2
water vapor, the droplet evaporates slightly; It shrinks In size. The

evaporation is caused by an increase In vapor pressure at the surface of the

drop as Its temperature increases. The new smaller size is stable as long as the

radiation Is continuous. The mechanism for this phenomena may be understood,

for an ideal solution,in terms of Raoult's Law. Simply stated, the vapor

pressure of the water at the surface of such a solution Is the vapor pressure of

pure water times the mole fraction of water in solution. When a drop is heated

the vapor pressure increases, a flux of vapor is emitted Into the external

medium, and the drop shrinks. Since this shrinkage causes a decrease in the mole

fraction of water in the particle, the vapor pressure at the surface of the drop

begins to fall. Eventually the particle reaches a vapor pressure equal to the

external environment and the particle stabilizes in size. For the weak Intensity
-1•

produced by a monochromatized Incandescent IR source (-10cm

bandwidth), the size change of a particle 5u in diameter may be smeller

than IA. However this size change Is easily detected by measuring a

corresponding change In elastically scattered visible light. To do this the
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narrow band radiation from a tunable dye loser It Positioned at the low

wavelength side of a structure resonance of the particle. This resonance.

4 I*detected through visible scattered light , is a natural electromagnetic mode

51of the particle. It can be shown that a fractional change In particle

radius da/a leads to precisely the same change In resonant wavelength b..

41r/Ar. Thus a given resonance Is shifted to shorter

wavelength as the particle shrinks. If the incident radiation Is positioned at %

the short wavelength side of a resonance, a reduction In particle size will lead

to an Increase In scattered light. As one can see from the calculated f-*,

backscattering spectrum of a water droplet in Fig.!. a 3A change in

particle radius (out of 24,960A) leads to more than a Z5% change In

visible scattered light at 5346.5A. The transfer parameter describing the

scattered light change is U-(a/S)(iS/3a). The value of B at

5346.5A In Fig.1 Is -2500. This means a 1$ Increase in scattered light

would reveal a O.IA decrease in radius"

[xper!mental Setup

The particle Is electrically suspended In air within a sealed chamber

by the use of a quadrupole trap. The sample particle Is prepared by Injecting a

dilute solution droplet of (NH 4 ) 2 So 4 from an Impulse Jet placed

above the chamber. A saturated KCI solution placed in the chamber provides a

stable water-vapor background. A typical sample was 5 to 10 microns in diameter.

The dye laser beare was introduced from below as shown In FIg4. .

0A typical spectrum of light scattered at 90 is shown by the lower curve .

in FIg.3. The upper curve showb the effect of Introducing steadyunfiltered

rad•;ation from a Nernst Glower. The shift of the resonances to shorter

wavelengths Is due to evaporative shrinkage. The dynamics of this process Is

recorded In Fig.4. The upper curve shows the scattered light fluctuation

corresponding to a chopped IR source. The visible laser was positioned half way I

up on the low wavelength side of a narrow structure resonance, We see that

the tine variation of the scattered light Is triangular In comparison with the S'4--

square wave modulation of the incident IR. The phase boundary relaxation process I"

2 4

p 243

F.•



giving rise to this behavior will be discussed In the next section.

By filtering the IR source with an optical wedge monochromator we obtain

the IR Structure Resonance Modulation Spectrum through phase sensitive detection

at 20Hz. Fig.S shows the IR SRMS spectrum near the prominant vibrational

resonance of the 50 a ton at 9.1m. Since the water fraction Is

known from the external vapor pressure through thermodynamics, one can compare

the line shaps In FIg.S with predictions of Mle theory based on measurements of

complex refractive Index. 6 In fact thv solid line through the date In FIg.5

Is such a calculation. We see that the SRMS spectrum Is proportional to

Q. In addition the signal at a given wavelength Is found to be proportional

to both the Incident IR Intensity and the transfer function 0.

So our empirical result Is that the first harmonic of the scatteredP.

light fluctuation, 6S. It given by

dS(0 )/'S&FB(Jbl)Q 0 )1 (1 ~ 1

where I and A are the IR and visible wavelength5.12

I Is tre first harmonic of the IR Intensity, and 5 Is the average visible

scattered light intensity. In what follows we will develop a simple physical

* model to rationalize Eq.1 end design a critical experiment for testing this

modelI.

Physical Model

The equations describing the detailed coupling between a heated drop

and the associated hydrodynamic modes of external gas and vapor are In general

nonlinear. Due to this Inherent nonlinearity, we lean on experimental evidence

Indeveloping a model for the Interaction of such a drop with weak radiation.

The first apparent fact Is that the phase-boundary relaxation process Is

* much slower than the chdracteristic time for the temperature and vapor fields

to come to steady state. From FIg.4 we see that the phase boundary relaxation

time Is slower than I/40 sec. However, the characteristic timie for steady state

1l 2of the vapor fleld! Is 0 we /30 , which would be on thev
7A

order of 10 sec for the particle In FIg.4. The corresponding time for the
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temperature field Is on the same order. Consequently both fields will be assumed

always to be In steady state. In addition since the temperature Increase over

ambient Is less than one hundredth of a degree Kelvin, the Grashof number will
'..1

be much less than one, and hydrodynamic ;nfluences on external heat and mass %

transport may be safely neglected.' The particle sire Is controlled by its

mass. Within our diffusive model the time rate of Change of the particle mass dm/dt

is

dM/dt IOVC.*ndA.

(Z)

In order to perform the integration in Eq.2 we make the additional

assumption of spherical symmetry. This assumption Is Justified since the thermal

relaxation time within the particle is short copnared with the relaxation time

observed In Fig.4. Thus the vapor density outside the particle will fall off

like I/r and the time rate of change of the particle radius ( with particle mass

density p assumed constant ) Is
p

da/dt m-ODC /(o Pa).
(3)

where 6C is the vapor density at the particle surface minus that at

Infinity. We see thet as the surface vapor density increases the particle radius

will shrink . To model the effects of size and temperature on the surface vapor

density we combine Raoult's Law (including an appropriate van't Hoff factor)

with the Clauslus-Clapeyron equation. The temperature increase is related to the

light absorption through an equation of energy conservation. The optical power

absorbed is dissipateod through thermal conduction Into the ambient gas and in V.

providing the latent heat of vaporization of surface molecules. All of these

effects are included In Eqn.3 and the resulting equation Is expanded to first

order in size change, t(t). A simple differential equation for the time

rate of change of t evolves,

de/dt •-aI It) -yr."-

(4)

where I Is the Incident Intensity and a and Y are constants

which depend on the physical makeup of particle, vapor and ambient gas,
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s m(Z/(LZ+I))-(Qa/4P (5a)

and
Yoev I I C /0 a 2f ) X ( l-Xw ) /(LZ+ I) (5b) ,

with Z-(OC /K T){I-i(I-x ))-((LM/RT)-I).

In Eqns.5, Xw, f are the mole fraction and weight fraction of water in ,.
w

the droplet. L Is the latent heat for water at the surface, I Is the van't Hoff

factor of the solute. C and M are the mass density and molecular weight of
P

pure water and, K and T are the thermal conductivity and temperature of the

* ambient gas.

We see from Eqn.5 that the time for the phase boundary to relax is

considerably slower than the time for the vapor field to reach steady state,

* -1
0B . Since the ratio of the density of water vapor to the density

-5-
of liquid water, Cp /op near room temperature is 10 one

Immediately can uee the large effect which evaporation has on the relative

magnitudes of y and 8 v. The other contributions to y in

Eqn.5 further this distinction.

Test of Physical Model

We have tested the above model for SRMS by direct measurements of the phase

boundary relaxation rate. The experiment Involved pulsing the IR radiation while

measuring the transient scattered light. For the weak radiation levels used in

our spectroscopy ((20mW/cm 2) we find the relaxation measurements agree with

our model within the measurement uncertainty (-i5%).

* Oscussion

*The proportionality of the SRMS signal with a and the incident IR

intensity (EQn.1) Is rationalized through Eqn.4. The agreement between this

equation and pulsed experiments Is good, and thereby enables us to determine the

proportionality factor F In Eqn.l.

For a periodically modulated IR source, at angular frequency w

* the factor F in Eqn.I will depend on w.. If we suppose a harmonic

excitation In I exp(Jot), the corresponding size fluctuation, may

* be evaluated from Eqn.4. Using this response function and Eqn.l, F Is found 5*
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to be

22z1/2
F=Z/(4ao (#A +y ) (LZ+I))

From Eqn.6 one sees the large effect of the modulation frequency, V.

on the function F. and therefore on the scattered light fluctuation. Vor large

particles containing a large mole fraction of water. y may be less than

Isec-, and one must go to extremely slow modulations (linear frequency<

(22)- Hz), In order to optimize the signal. Since i/f type noise

sources mlake signal retrievable difficult In this region, higher frequencies

are desirable. Fortunately for aerosol size particles near deliquescence, larger

and therefore more manageable values of y are obtained.

Conclusion

We see from the foregoing that the SRM5 technique provides the only

means at present for measuring the absorption spectrum of a single isolated

particle. The modulation Is adequately described by a steady-state model

for vapor and temperature transport. Our assumptions are specific in applying

to the case of low intensity and low Knudsen Number.

Future

Our work in the future will encompass three areas.

First, we will extend our work on SRMS to the region of large Knudsen

number where the effects of gas mean free path are expected

to make the phase boundary relaxation process sensitive to water sticking.
8

Second, we will begin to look at the SRMS IR spectrum of the supersaturated

phase. Surprisingly little work has been done on this phase although It Is known

that a significant fraction of aerosol particles In the atmosphere are

supersaturated. Finally, we will begin to investigate the SRMS spectrum from

adsorbates on solid spherical particles. in order to gain an understanding for

the manner in which molecular adsorbates effect the photophysical interaction.
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R4AMAN SPECTROSCOPY OF
SINGLE OPTICALLY LEVITATED DROPLETS

T. R- Lettleri, R. E. Preston, and M. I. Bell
National Barean of Standards

Gaithersburg, MD 20890

ABSTRACT
Spontaneous Rema scattering has been observed from single aerosol droplets optically levitated by an argm ion

laser beam. All of the Raman bands of bulk liquid silicone oil and dioctyl phthlate were present In spectra takesn of
droplets of the same liquids. This suggests that chemical characterization of individual droplets may be possible without
the undesirable elects of a supporting substrate. The droplet spectra also contained unexplained, size-depeadent sharp
features superimposed on the Raman peaks. The new technique may have applications In chemical characterization
studies of evaporating multlcomponent droplets, droplets in chemically reacting lows, and other transient processes
involving single liquid droplets.

Raman spectroscopy has been shown to be a valuable technique for the chemical characterization of single micrometer-

sized aerosol particles and liquid droplets resting on supporting substrates [Il. Often, however, the presence of the sub-

strate causes unwanted effects, such as background Rman scattering or luminescence, optical coupling to the substrate,

and droplet shape distortion, which can distort the spectra and complicate their interpretation. Therefore, the spectra

obtained from single suspended droplets should be more directly comparable to those obtained from bulk samples and

to the predictions of theoretical models for Raman scattering from microscopic spheres [21. Of the several methods for

particle suspension, optical levitation by laser radiation pressure 131 is particularly useful in Raman spectroscopy since

the same beam which suspends the particle can also act as the Raman excitation source.

This paper reports an investigation into the application of optical levitation techniques to the micro-Rama spec-

troscopy of single aerosol droplets. In particular, spectra were taken of both silicone oil and dioctyl phthlate (DOP)

droplets ranging in diameter hoem 10 to 36 pm....

The experimental apparatus consisted of a 0.75-m double monochromator with holographic gratings, a CW argon !on

laser, an optical cell in which the droplets levitated, collection and focusing lenses, a cooled photomultiplier tube, photon

counting electronics, and a minicomputer for data acquisition and experimental control About 500 mW of laser power

were used to levitate a droplet, the diameter of which was determined from the fringe spacing at g0 degrees 141

In Fig. I are shown spontaneous RAman spectra of DOP for the bulk liquid (Fig. la) and for a single droplet of

nominal 25 pm diameter (Fig. Ib). Comparison of the two spectra indicates that all of the Raman peaks of the bulk

liquid spectrum are also present in the droplet spectrum. Additionally, characteristic group frequencies, such as the

aromatic and the parafinic C-H stretches, are clearly distinguishable in the droplet spectrum and occur at the same

frequencies as in the bulk liquid. These results suggest that the combination of optical levitation and Raman spectroscopy

may permit chemical charaterization studies on single microdroplets, although no experiments with multlcomponent

droplets were conducted in the present investigation. Future work will focus on the time-resolved characterization of

evaporating, two-component droplets having known starting concentrations.

In addition to the bulk liquid Raman peaks, the spectrum in Fig. lb also contains sharp, reproducible features
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FIGURE 1. RAMAN SPECTRA OF DIOCTYL PHTHLATE. (a) bulk liquid; (b)
a single 26-pm droplet. Peak assignments are from Reference 1.

superimposed on these peaks. Although previous studies of
14 pm

fluorescent light emission from microspheres have shown size-

parameter-dependent resonances which relate to the electro-

magnetic modes of the microophere [6J, there is evidence that
the sharp Ramnan features In the preselat study are not related

to these resonances 161'. However, they too depend on droplet *

26ponsize, as indicated by Fig. 2, which contains Raman spectra

across the C-H stretch region for three different DOP droplets

of various sizes. It is noted from the figure that the sharp fea-

tures become narrower, more closely spaced in frequency, and

vary in amplitude as the droplet size Increases. Further in-

vestigation into the origin of these sharp features is underway

These preliminary experiments with single-component drop-

lets are a first step in a series of experiments involving the

epm chemical characterization of individual aerosol droplets. Possi-

2500 550 600 250 ~bie areas of investigation include compositional studies of miii-
RAMAN PREO(SMCY (ofm1 )

tlcompotient droplets, time-resolved studies of droplet evapora-
FIGURE 2. C-H STRETCHING MODES OF DIOCTYL tion and surface adsorption, and surface reactions on a droplet
P HTHLATE. Raman spectra of droplets of three differ-

*ent size and bulk liquid. in a chemic-ally reacting flow.
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The experiments reported here were conducted in the Raman Spectroscopy Facility of the Center for Materials Science, .

National Bureau of Standards.
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AEROSOL INTERACTIONS WITH INTENSE LIGHT BEAMS

R. L. Armstrong
Physics Department, Applied Loser Optics nroup

New Nexico State University
Lea Cruces, NN 88003

ABSTRACT

The irradiation of absorbing aerosols by intense light beams Is investigated.

This analysis is aided by the introduction of certain characteristic Interaction times r

which identify, after a given irradiation time, the dominant aerosol-beam

interactions. The results ot this study include a description of steady-.state
ft.

* vaporization, the approach to steady-state conditions, and an approximate treatment of

aerosol-enhanced breakdown.
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Absorbing aerosols Irradiated by Intense light beams may rapidly reach elevated

temperatures, exhibit correspondingly high vaporization rates, and serve as the source

of shook wave disturbances both within the aerosols and in the surrounding vapor. The

increased tree electron collision frequency in the hot, dense vapor adjacent to the

aerosols may also result in a dramatic reduction (3-4 orders of maenitude) in the-

clean-air breakdown thrasheld. The study of these phenomena is aided by the

identification of certain characteristic interaction times which provide, after a

given irradiation time, a measure of the dominant aerosol-beam interactions. The

existaence of theso a ar*.,st iatlO tiies is especially significant In the case of

pulsed beams since soresel-beam interactions occurring on a time scale long compared

to the pulse length will make only a negligible contribution to the behavior of the

irradiated aerosols.

If the beam intensity is low, approximate analytical expressions may be obtained

for the aerosol temperature, ýass flux and radius as a function of time(l). These

expressions have been used to oiloulate the response of water droplets to pulsed light

beams. Figures 1 and 2 Illustrate the results of the.-ý osloulations for selected

droplets. Figure 1 shown the Increase in temperature of small droplets when they are
I,

irradiated by a rectangular pulse of 10V radiation. 5usec in duration, with an

intensity of 10 W/om2 , The smaller droplets reach a steady-state temperature in a

time < 5 see whereas the temperature of the largest droplet continues to rise

throughout the pulse. The larger droplets are also seen to return to ambient

temperature at a slower rate after the pass&ae of the pulse. Figure 2 Illustrates the

change in the droplet radius with time for seleoted droplets irradiated by a steady

beom of 10p radiation with an Intensity of I0w/om2 . The curves in Fig. 2 have been

computed under the assumption that the droplet temperature remains fixed at its

initial steady-state value. Recent detailed numerical oalculationa(2,3), however,

reveal that th,! steady-state droplet temperature gener-ally decreases after prolonged

heating so that the curves given in Fig. 2 then represent excessive estimates of

droplet deoay. ,

The above analysis of aerosol heating and vaporization is valid in the limit of

small mass flux. This wtll always be the case for sufficiently weak incident besma.

As the beam intensity increases, however, both the aerosol temperature and mass flux

rise, and the above analysis no longer applies. A great deal of informetion about the
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behavior of absorbing aerosols irradiated by beams of arbitrary intensity may be

obtained from the analysis of steady-state vaporization(4). Corresponding to an

4 11 2
extremely wide range of incident intensities, typically 10 I< 10 W/cm for many

aerosols, a steady-state, developed vaporization regime (DVR) is established in the

aerosol, characterized by a constant temperature and mass flux. The time needed to

establish the DVR, which is inversely proportional to the beam intensity, spans the

corresponding range 10 • tD< 10 sec. The steady-state, DVR temperature,

surprisingly, varies by a factor of only about 3 over this range of Intensities and

times.

The establishment of a DVR in an irradiated aerosol requires that a balance be

maintal, • between vaporization and radiant absorption. The effect of thermal

conductivity in this model is "imply to define the heated volume of the aerosol after

a given irradiation time. In this discussion, the establishment of DVR conditions in

spherical aerosol droplets is investigated. Spherically symmetric heating of the
P.-

droplets is assumed. However, a distinction is made between optically thick and w

optically thin droplets according to whether the droplet radius o>6 or <6 (ds•1), where

K is the bulk absorption coefficient. In the case of optically thick droplets, 4

characteristic interaction times may be defined. The shortest of these, the acoustic

time ([a), provides an estimate for the onset of vaporization after the arrival of the

pulse. The remaining three are thermal diffusion times, and provide estimates of the

times, after the arrival of the pulse, when conductive heating of the remainder of the

droplet begins (-r), when the droplet has become uniformly heated by conduction (T a

and after which conductive heat losses into the surrounding medium must be taken into
account (T )" It is generally true that the inequalities Tr << T << X << T" hold so

that a time line may be established delineating the dominant aerosol-beam interactions

after a given irradiation time. For the case of optically thin droplets, we must set

[ with a corresponding simplificstion in the time line.

Figures 3 and 4 illustrate the establishment of DVR conditions In an optically

thick 10u quartz droplet. Figure 3 plots the incident intensity as a function of the

time needed to reach DVR conditions. Figure 4 is an analogous plot of DVR temperature

-10

as a function of DVR time. For this droplet, the characteristic times areT =2.0x 10-0
a0-7 0-5 O-3 :7

sc, :2.3x10 sec, o :2.3x10 Bee, and (c:2.3xlO sec. Figure 3 reveals that an

10 2intensity of about 2.4x10 W/cm Is needed to "spontaneously" (within the acoustic

261

--- 4A .*.
•" . . . , . . - . .. . *.o ~ .. -. - . - . . . ...- +- ... I * * ~ I~ .~ . . . .• .-.- .+•- .. _ .. . . . '.



time,Ta ) vaporize the S-zone while an intensity of about 7.7x1O3 W/cm 2 will establish a I

*. DVR in the time r . The steady-state, DVR temperature is seen from Fig. 4 to vary by

"" only a factor of about 3 over this range of Intensities. Steady-state conditions also

exist for times >T with the distinction that conductive coupling to the surrounding

medium must now be accounted for. Steady-state droplet behavior In the presence of

this external conductive coupling has been discussed earlier in this paper for the

case of weak beams (1,2,3) (see Fig. 2). A perturbation analysis is also available(4)

to probe the establishment of steady-state conditions for times > c b

The establishment of a DVR at a constant temperature and mass flux requires that

a balanoe be maintained between vaporization and radiant absorption. For times <rat

however, vaporization is absent in the present model (it is certainly suppressed at

these early times) so that the 6-zone may reach a temperature at t r a that is higher

than the DVR temperature corresponding to that intensity. In this case, the 6-zone

temperature will subsequently drop to the steady-state, DVR value. An estimate of this

temperature overshoot phenomenon is given in Fig. 5 for a 1OU quartz drop. Figure 5

reveals that the phenomenon persists for intensities > 5x10 9'd/cm2 in our model. We

note, however, that hydrodynamic effects, neglected in the present model, should be

Included in a complete analysis of aerosol-beam interactions of these high beam

Intensities.

. The dominant aerosol-beam interactions, which lead to the identification of the

characteristic times discussed above, may be further exploited to develop an

approximate analysis of the time development of irradiated aerosols from ambient to DVR

' conditions. Figure 6 shows the time development of an irradiated 10 I quartz droplet

for several representetive beam Intensities. It is interesting to note that little

spontareous (within the time T ) heating of the 5-zone occurs for intensities <108

S W/cm 2. The assumption, used in the present model, of the sudden onset of vaporization

at ' will, therefore,not introduce a significant error for beam intensities <10 8 W/cm?S• a

The vaporization model discussed in the preceeding paragraphs may be used to

estimate the aerosol-induced breakdown threshold using a model of this phenomenon

developed elsewhere(5). Figure 7 shows the results of this calculation for carbon

spheres tzgether with available experimental data on carbon(6). In this experiment,

carbon particles were irradiated by 200 n see pulses of 10.6p laser light and the

observed breakdown threshold plotted against particle diameter (1 ). The model
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calculation was restricted to spheres with diameter >lj to ensure the optical

thickness of the aerosols. There is general agreement between the results of the %

model calculation and the experimental data points but discrepancies exist that are in

excess of the experimental error bars. The approximate treatment of electron loss
-.

mechanismS in the cited breakdown model(5) might be the source of a portion of the

observed discrepancy. It should also be noted that the formation time for the plasma,

as calculated using the present model, is less than the DVR time for particle '1

diameters <50p, becoming slightly longer than the DVR time for larger pu.ticle

diameters. An improved model for aerosol-enhanced breakdown should, therefore,

include a dynamical analysis of the irradiated aerosol from ambient to DVR conditions

such as i3 sketched, in approximate form, in Fig. 6.

The results of this modeling study suggest several areas where a more general

treatment of aerosol-beam interactions is needed. First, the simplifications

introduced into the modeling analysis by the introduction of the characteristic

interaction times suggests that the identification of such times for other aerosol a

geometries and heating scenarios merits attention. Second, the assumption of

spherically symmetric aerosol heating becomes increasingly invalid for large,

optically thick aerosols with the appearance of "hot spots" on the entrance and exit

faces(7). It should be noted, however, that the spherical heating assumption will

have only a minimal influence on the time development of aerosols irradiated by

sufficiently weak beams where the DVR time >1 " This follows since, for times >a

the aerosol temperature becomes substantially uniform as a result of internal thermal

conductivity effects. For more intense beams, where the DVR time <T , the spherical
0

heating assumption may become invalid. Even in the regime of higher beam intensities,

an extension of the characteristic time analysis to include an approximate treatment

of non-uiaiform aerosol heating may prove valuable(4). Finally, hydrodynamic effects,

both within the heated aerosol and in the surrounding vapor should be investigated.

They will become increasingly important at higher beam intensities and may be expected

to modify the aerosol heating, vaporization and subsequent plasma formation scenarios

sketched here.
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PROBLEMS IN HEL - AEROSOL INTERACTIONS

Melvin Lax

Physics Department of the City College
and the Graduate Centers of the City University of New York,

New York. N.Y. 10031

ABST`RACTr

This paper reviews the problems concerned with absorption of a high energy .%
laser beam in an aerosol, and its coupling to hydrodynamic motion. The electromag-
netic formulation draws on work appearing in the 1983 Chemical Systems Labora-
tories Conference on Obscuration and Aerosol Research under the title *New
Theoretical Approach to Scattering from Thin Fibers."

1. INTRODUCTION

As indicated in previous talks in this session by Cipolla and Morse, FL Armstrong, J. RL Brock., J.

B. Pendleton and FL G. Pinnick, and R. K. Chang et. aL, the problem of nonlinear interaction of a high

energy laser beam with an aerosol is a difficult problem. Progress can be made by a number of drastic

assumptions - such as uniform absorption of laser energy, or by brute force code that will work for

large droplets only on a supercomputer.

I would like, at least, to outline the nature of the problems to be solved and discus some rym-

metry aspects of the solution. I believe in the divide and conquer method: divide the problem into

two parts - one of which is easy. Solve the easy problem, and then iterate the procedure on the hard

part. Unfortunately, as I shall show, the first step is not posible - but after that the procedure may

workL

The first step is to give separate consideration to small drops (compared to the wave-length) and

to large dropL Each of them cases, however, is hard, and progres can only be made by a further sub-

division.

* Work at City College supported in part by the Army Research Office, and the Chemical
Research and Development Center.

273

S.. .f f'*- ,*~-.?,.



%

It.

A. SMALL DROPS
L

Small drops are easy, because the absorption is approximately uniform. The electromagnetic
: ~part of the problem has a quasi-electrostatic solution of a form known to Rayleigh. However. it may -

happen (depending on the altitude) that the collision mean free path in the vapor surrounding the
drop is now comparable to the drop wie- In this case, the vapor can not be treated usig hydrodynam-

is, bto one must employ transport theory instead, without using a diffumion approximation. One may,
however. be able to make a diffusion-type approximation provided that one. introduces the concept of."

an extrapolation length as introduced in neutron transport theory I and applied to spherical geometries

by Marshak and others 2 Of course, the neutron procedure is not adequate, since one must take explicit

account of factors such as the latent heat of vaporization and the possibility of explosive vaporization.

In this case, the electromagnetic problem is trivial, but the transport problem is not.

For short times, and high powers, however, a shock will develop, and it should be possible at

these times to neglect the reaction of the atmomhere on the drop.

R. LAIUGE DROPS

For large drops. transport theory is unncenry; hydrodynamics with man and energy tran-

sport are adequate, but the electromagnetic problem is difficult - the absorption can he highly non-

uniform since the spherical drop can act as a lens with focussizg properties that will produce highly 0-

non-uniform fields, hence a highly non-uniform absorption. Since vaporization ts sensitive to the max-

imum temperature reachod, not the average energy aktorbed, a highly non-symmetric hydrodynamic

response can occur. Moreover, this hyarwlynamnc mcsuowe, with pomble development of a shock

wave will modify the electromagnetic resonse by rrmodifying the indm of refraction.

I would now like to consider symmetry asp" of the electromagnetic solution. In particular. I

will assume that because of energy &beptron and the resulting droplet motion, the dielectric response

(which is proportional to the local d& ity) poevaes cylindrical symmetry - with its axis along the

direction of propagation of tbh incident beam. Will t.ke electromagnetic absorption be such as to main-

tain this cylindrical xymznet:-'7 like all good questions the answer to this is yes and nol

11. Davion and J. R. Sykes. Neutron Transport Theory, Oxford Univ. Press (1957).
2 R1 E. Marshak. Phys. Rev. 71, 943 (1947).
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2. LE Mr.OMAONKTIC FORMULATION

An exact Integral formulation for a scatterar described by a complex index of refraction n

BCr) -VOW) + k P + F'r)) (2.1)

F) - I n 2( -1 (r , I. l~'d r'. (2.2)
4wR

where

R 2 = Ir-r'12 =(z-z + p2 +p 2 2ppcod --f'). (2.3)

and k w/ c.

Symmetry about an axis can be exploited by making the expansions

F(z,p)= F. (z., p) exp(Un ) (2.5)
Mn =--

where

F,, (z , ID)= G. (z -z ;p, p ') [n• •,• p ')--•1 E,. (z p', )p d p 'dz ' (2.6) :':22.
and

1 . expR).G,,,(z-z " .p'p) ide, epiR) edm*
G.( Z (2.7)

This results in a set of equations for the triplet E,". En++1 and E,--, where

E =E, +iE, ; E .EZ -LE, (2.8)

are components of circular polarization:

M-1.I.k E:m 9 k + F,- +rnI7
P P-8z
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-E.*÷, - 21W + k2+ __.+',.

S~+ -- FF- - - - (2-10)

17 +. V, + -.-. +

where

I
'.'

rn- (2-12)

p mp I ~ F'

Equation (2.11) can be omitted in the future, since it can be replaced by the sipler statement

E+ =L E (2.13)

with the upper sign. the important caft for thin ocatterers, used below. .

S3. CROS-EONS

•,. ThIe absorption crows-action can readily be shown to take the form:.-

4 2A= k hm pnt-l) 12 r, (3.12)
I L

Equation (3.1) can be given the interpretation that the attenuation codbtht is.mle.aem

I,''

am k Im n 2  (3.2)

-, It must be remembered, however, that the squared index of refraction, or at lat n 2-1, is propor-

tional to the local density, and the latter is to be determined by solving the hydrodynamic equations

self-consistently with the field. Whereas the total scattering cram--ection into polarization e can be

written:
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4.Jr

or, V eg0) 2 d f)

where the scattering amplitude g is defined by

g(0 4f) = Jxp [-ik- n-r] [n 2 (r)- 1] E(r)d r (3.4)

Complete results can be obtained by inserting the expression Eq. (2.4) for E(r).

4. SPATIAL DEPENDENCE OF ABSORBED ENERGY

If a sphere is illuminated by a beam propagating in the z -direction, will the absorbed energy

-imss azimuthal symmetry about the z -axis? Let us assume that n 2(r) possesses this cylindrical sym-

,etry before illumination. If the answer to the above question is yes, then this symmetry will be

aaintained in the nonlinear case.

Although the integral equation Eq. (2.1-2.3) can be attacked directly, via numerical tech-

niques, it is advantageous to exploit the rotational symmetry by exploiting the Fourier expansion in

the azimuthal angle of Eqs. (2.4) and (2.5).

For the case of on-axis illumination the incident field has the form

Er = e exp(ikz cos o)J% (k psiGO o) (4.1) 41%

with 0 o = 0. Thus

Er = e exp(kz )8C(mo) (4.2)

vanishes for m ;A 0. Moreover, the polarization vector e is perpendicular to the z direction, so that

E g" =0 (4.3)

The only surviving incident fields are E o and E . The first gives rise to the triplet

Eo'(z)e +exp(kz)+ +V Fo+ + +1j F +! +. + QF

E 1
P)O 8Zpa.FO

2i~v + 2 ~

4~ _ 'Fo (.4 'S"

E. 2 (p 0)= + 2+ 1-+- F1., + 'L + (4A)

The second gives rise to the dual triplet
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j'Z(pj.)i-npUsz)+ I+qJP-+ +r . a + +11

ý 1..A..A iL VS I*P I . I. I- up P 1

*2 + IV V~ITOV AIt (PS a + T Ft + T - Fj" (4,5) .
EturPJ Vo P F

For right (or left) circular polarization only the finrt (second) triplet survive&. For linear polariza-

tionm6 the second set of amplitudes is equal to the first set (except possibly for sign). Thus, only one set

of three coupled equations need be solved.

Although the combination of

0 +" (P.Z) + B!, (pZ)8 • + E.:2 (p~z)e -20. ,(4.6)

appears to display an angular dependence to I El 2 we have to remember that these three components

are vectorially orthogonal to each other:

0 = Eo (pz)(i+ +f) + E1(pz•.)e- • + E 2(pg, )e-4(i-.) (4.7)

" where i ,5^, and Z are the three cartesian unit vectors, so that

12  E (pz)12 + IE!.I(pz)12 + I" 1E22(p,z)1 2  (4.8)

* is indeed independent of 06 The above result is quoted for the case of right circular polarization.

More generally

+ E e"'-"# + E 1e'# (4.9)

- If the incident lld is polarized in thei direction

S,•(p•E)= E •,•z) E• L )(pz= Ez,(pz) (4.10)

-.5 then

"-- . + Ip , (+ ) •+ :-•'' "
2+2 '-ly) + E 2i coso , (4.11)

)--

and
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IE12 - IE+ +EZ2.2*I 2 + ' IE+ +E_:2e -2 2 + IE!.. 124og2o (4.12)

is % dependent in this cas of plane polarization.

5..qIlDVM q¥ ",

We ee that for circularly polarized radiation (and for geometrical optic - a result not proven

here), the abmrption will retain cylindrical symmetry. Although this will not be true in general, it

seems useful to force this aumption on our problem since it reduces any calculations from three spe-

Uial dimensione to two dimensions. Computation time could be reduced by orders of magnitude. Tils

reduction is absolutely necemary, even on a supercomputer, when one couples in the hydrodynamwa,

and treats the problem in a time-dependent way.

A treatment of the full problem should be coupled with an experimental investigation of the

spatial distribution of the absorption energy, and the associated hydrodynamic response. A CO 2 laser

could be used to irradiate a large drop (more than 10 microns in size) and an optical laser beam,

and/or time dependent spectrocopy could be used to probe the response.

2-7
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Real-Time Measurenent of Particulate Mass Concentration by Airborne
Spectrophones - A Feaslh11ity Study

K. Tennal, X- 0. Wilson and M. K. Mazumder
University of Arkansc.s Graduate Institute of Technology

P. 0. Rox 3017
Little Rock, Arkansas 72?03

ARSIRACT

Ine comfercially available non-resonant spectrophore (Rurleigh PAS-100) and two laboatory made

spectrophones - one operating in a Helnmholtz resonant mode, and the other operating in a longitudinally

resonant mode - were evaluated for their sensitivity in measuring particulate mass concentration of

aerosols In real time. A major foco,. ýf this study was to determine the response of the spectrophone

to vibration and acoustic noise source! related to measurements made on hoard an aircraft or other

moving vehicle, and to develop methods for minimizing these noise contributions. To compensate the

noise contributlu;. a-ising from vibration, an accele-ometer or a second microphone was used so that its

signal generated by vibrations was of opposite polarity to that of the spectrophone. The two signals

were added for automatic compensation. In this o,•nner, the effect of vibration could be reduced by

approximately 40 dB. Acoustic isolation was found effective against broadband noise with a sound power

level of up to InV dR. Roth the Purle4gl, soectrophone and the Helmrholtz resonant spectrophone suffered

from windo noise. The longitudinally resonant spectrophone did not have optical :4indows. It provided

the qreatest sensitivity of 3.0 x 10-7 m-i with one watt of chopped laser rowsr, While actual in-

flight data are needed for an evaluation of tne spectrophone for aerosol Peasurements with respect to

sensitivity and immunity from external noises and InterferencE from gaseous absorbers, it was found

that a longitudinally resonant photoacoustic cell with an appropriate nulling system and acoustic

Insulation may provide the desired sensitivity and signal-to-noise ratio for rapid measurement of mass

concentration of aerosol particles.

The continuing work will include testing the resonant spectrophones for automatic compensation

when they are subJected to both noise sources of vibration and sound, investigating the use of

spectrophones for making real-time in-situ mass concentration measurements on various aerosols, and

making in-flight evaluation.

INTRnUCTION"

While photoacoustic methods are applicable to real-time mas.s concentration measurements under

certain conditions, a major problem arises in using these methods for airborne measurements since

microphones used in photoacoustic cells are sensitive to the vibration and acoustic noise which are

generally encountered onboard aircraft. In the frequency range of 75 to 1000 Hertzthe airframe of a
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jet transport plane can typically reach vibration accelerations 21 of 10 g, where g is the acceleration

due to gravity. Measurements made by Langley Research Center 2 2 aboard d CV-990 aircraft show peak

vibrations of the floor rail within a one Hertz handwidth at frequencies In this range to be 0.17 g

under conditions of normal smooth flight. Acoustic noise can reach levels in excess of 100 dR. Real

time measurements of particulate mass concentrations of aerosols are often desired for studying

ztmospheric dispersions and obscurations. Measurements of light absorption by atmospheric aerosols

have been carried out in three ways:

1) airborne devices have been used to detemine the radiative flux divergence in layers of the V

atmosphere which, on subtracting the calculated gaseous component, yields the aerosol absorption

component.3-6 Careful instrumentation is necessary and long term averaging Is required due to

Inhomogeneities in the surface albedo.

2) absorption analysis of filter-collected aerosol particle samples has been carried out. 7 .9

There is, however, the possibility that the sample will be modified hy collection especially in the

case of liquid or liquid-coated particles.

3) absorption coefficients have been inferred from the scattering properties of the aerosol. 0',. 1 1

This requires detailed information on the scattering properties to carry out the required Mie

calculations.

These methods, while providinq good estimates, are based upon Indirect means of calculating the

liqht absorption by particles. Photoacoustic techniques12-20 offer a method of measurinq absorption of

light by aerosol particles directly. Absorption sensitivities as low as 10- 8 m-1 have been reported

u.: - ohotoacoustic cells. 1 2  ihe instrument provides temporal and spatial resolution suitable for

atmospheric measurement. The technique has been applied to the study of liquids, gases and solids.

Several researchers have used photoacoustics for the study of aerosol absorption In both laboratory and
field environments. niesel exhaust 13 "15 , acetylene smoke 1 6, NaCI, NiC1 2 , cigarette smoke 17 , silica

dust 1 8 , and ambient aerosols 1 9 ,2 0 have been studied using photoacoustic techniques. Roessler 1 5 has

shown that either opacity measurc.nents or photoacoustically measured absorption can be used to measure

the mass concentration of the particulate component of exhaust from an automotive diesel engine with an

uncertainty of about 20 percent.

When liqht energy is absorbed by a particle, molecules of the particle are excited to higher

potential energy states. In general, this absorbed energy results in eating of the particle with

subsequent transfer of the heat to the surrounding gas. If the sample aerosol is contained in a closed

cell, this heating of the gas results in an increase in the pressure within the cell. If the light

source is intensity modulated )r chopped, then pressure variations will occur In the cell at the

modulation frequency. These pressure variations can he detected with a microphone. The cell with

282

~ *.~*.. ~..-.. &~;;e-:-.2--I- 2:K~K§i&~KK::.::.&§-~- *-*.~*.* -*.*.~*~- -**-~*'- ~ -~~*.* * :*



windows.and microphone is called either a photoacoustic cell or a spectrophone.

When the light source Is only weakly attenuated in the spectrophone, the microphone signal S is

given by

S - RRAaMcW, (1)

where W is the time averaged power of the light source, Aa is the specific absorption with units of

inverse length per unit mass concentration, Mc is the sample mass concentration, R is the responsivity

of the spectrophone which depends on the cell geometry and the microphone sensitivity, and B is the

fraction of the absorbed optical energy that is converted into translational energy of the gas

molecules. For fixed physical and chemical make up of'the particles and a fixed light source Aa is a

constant. Hence, S is proportional to the mass concentration of particulates in the aerosol.

EXPERIMENTS

Three spectrophones were tested for their sensitivity in making light absorption measurements: 1)

a Rurleigh Instruments, Inc., PAS-100 non-resonant spectrophone, 2) a laboratory-built Helmholtz-

resonant spectrophone and, 3) a laboratory-built longitudinally-resonant spectrophone. The Burleigh

spectrophone was tested for vibration and sound sensitivity and methods for isolation from these noise

sources were incoroorated into the system. Light absorption measurements on aerosols were made using

the Rurleiqh and ½1cnaiitudinally resonant spectrophones.

The Burleigh spectrophone had an optical pathlength of 9 cm along a cylindrical gas cell of B mm

diameter. It was constructed of type 316 stainless steel. Brewster's windows made of calcium fluoride

were mounted at the ends.. A microphone was mounted in the wall at the bottom center of the main

cylinder and a single valve was mounted near one end.

The main cylinder was modified for our experiments by adding a second valve near the opposite end

.om the ori'inal valve and by mounting a second microphone (Knowels model 1759) diametrically opposed

to the origira, ric.-ophone. This microphone could be replaced by a plate-mounted accelerometer

(Endevco ,'•,:.* , , The first of these modifications allowed gases to flow through the cell, thus

permit~Ini -:,L •. ,s •,i en~n. The second modification was part of a vibration nulling system.

Te ;r.t .... ,al :,rangement used to test the Burleigh spectrophone is shown in Figure 1. A

Pnfi . 1 • ,r used to modulate the beam from an argon-ion laser operating at 488 nm. An

F (i ' :., "ock-!,,.: :..lifier was used to detect the photoacoustic signal generated in dilute

N0O7  tcM fr l. ,v jf , , , 02 in air at 10 ppm was mixed with N2 . Flow rates and, hence, N02

concentratio ,a pr',_,ried by contrulli'nq the upstream pressure to the capillary tubing. Saltzman's
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reagent 2 1 was used to measure the NO2 concentration of the gas flowing through the spectrophone. Flow

rates of one to three an3 /s were used during photoacoustic measurements.

A Rruel and Kjaer PM vibration exciter type 4809 was used to subject the Burleigh spectrophone to

both sinusoidal and broadband vibrations. The signal from either the Knowles microphone or the

accelerometer was added to that of the spectrophone to reduce the spectrophone's response to vibration

noi se.

The response of the spectrophone to external acoustic noise was examined by placing the

spectrophone in a chamber and subjecting it to sound power levels of up to 108 dB. The chamber was a

box made of plywood 1.9 cm thick. It was 1.2 m high, 1.5 m long, and 1.4 m deep. Several dispersive

elements were placed in the corners to reduce the possibility of specific resonances. Two speakers 30

cm in diameter were placed in the chamber and driven by sinusoidal signals or by broadband noise. For

acoustic isolation a box made of 3.2 mm thick aluminum and lined with 4.5 cm thick cellular foam was

placed over the spectrophone. The response of the spectrophone to acoustic noise was measured with and

without the isolation box while the spectrophone was sitting on vibration isolators on the bottom of

the chamber. A GENRAI' 1988 precision integrating sound level meter and analyzer were used to measure

the sound power level in the chamber. A Hewlett Packard spectrum analyzer model 186A was used to

measure the responses of the spectrophone and the sound level meter to frequencies of sound between 0

and 2000 Hertz and to broadband noise.

The Helmholtz resonant spectrophone is shown in Figure 2. It consisted of two identical

absorption chambers 12.7 cm long and 1.27 cm in diameter joined at their longitudinal midpoints by a

connecting tube 8 cm long and 0.46 cm in inner diameter. The material was type 316 stainless steel.

grewster's angle windows were mounted on the ends of the absorption chambers. The resonant frequency

was measured to be 242 Hz and the resonance gain was 16.

At resonance the pressures in the two absorption chambers were 180 degrees out of phase with each

other. It was therefore possible to use both halves of the chopped laser beam, thus increasing the

photoacoustic signal. The optical system for this is shown in Figure 2. The chopper had eight blades

and was made from a plexiglas disk 0.95 cm thick and 10 cm in diameter. The laser beam was displaced

rather than blocked by the blades so that it could be directed alternately through the two absorption

chamhers.

The third spectrophone tested was a double-open-ended tube operated in its first longitudinally

resonant mode. A type 316 stainless steel tube 20 cm long and with an inner diameter of 0.46 cm was

used. A Radio Shack 270-fl92A electret condenser microphone was glued over a 3.2 mm hole in the wall at

the center. The first longitudinal resonance was at 814 Hz and the resonance gain was 16. This tube

was housed inside a 5 cm i.d. by 90 cm long tube for acoustic isolation from laboratory noises. Sample
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flow rates of 10 - 15 cm 3/s were used. Figure 3 shows the experimental arrangement for making

measurements of light absorption by aerosols using this spectraphone.

Measurements of the ahsorption of 488 nm laser light by cigarette smoke were made simultaneously

with me3surements of the particle size distribution and the approximate number concentration of

particles using a single particle aerodynamic relaxation time (SPART) analyzer. 2 2 The aerosol chamber

was a ciihe one meter on an edge. It contained an internal mixing fan and an exhaust blower for

flushing out aerosols. The sample flow rates for the spectrophone and the SPART were both set to

around 10 cm3 /s. A cigarette was allowed to burn in the chamber until the count rate meter on the

front panel of the SPART reached about 200/s (about 10-15 seconds). The spectrophone signal was

recorded while the particle count rate gradually dropped. This procedure was repeated using 0.9 )Am

NaCI generated with a fneVilhiss ultrasonic nebulizer model 3ý8 and 1.09 i'm polystyrene latex spheres

(PLS) aerosols qenerated with a Rard-Parker pneumatic nebulizer.

RESULTS ANt) nISOJSSIONS

Table I shows the responsivities and sensitivities of the three spectrophones. The average power

of the chopped laser bean was assumed to be one watt in each case.

Table I

Sensitivity (m"I) Reponsvtyi:-

Rurleigh 6.5 x 10-6 0.077 V/m'I'W (100 Hz)

Helmholtz 2.5 x 10-6 0.76 V/m'I.W (242 Hz)

Longitudinal 3 x 10-7 0.32 V/m' 1 -W (814 Hz)

The sensitivities reported here are for a one second time constant on the lock-in amplifier and

for a signal-to-noite ratio of one. The noise levels were measured under ambient laboratory conditions

with no absorber in the spectrophone. Figure 4 shows an absorption measurement made on 25 to 30 pph

Nn? in W2 flowing at a rate of In cm3 /sec through the longitudinally resonant spectrophone. The noise

level of the spectrophone output with a continuous flow was about three times that with no flow. The

overaqe iaser power oas 27) nW ant the time constant on the lock-in amplifier was one second.

The Rurleigh sppctrnphone %as found to have a response to sinusoidal vibrations of 1.3 mV/g wher..

g is the acceleration due to gravity. Figure 5 illustrates the degree of vibration isolation achieved

with tht nullinq ircuitry. Rrobdhand ,ibration was applied with an rms acceleration of 0.02 g/(Hz) 1 /2

at 4nO Hz. Sect ,n (a) )f the trace (Fig. 5) shows the lock-in amplifier output for the situation

where the .Ignel f-o'm the Knowles Il:rophone was added to the signal from the spettrophone. Secttion
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(b) of the trace was made with the Knowles microphone disconnected. The noise was reduced by nearly 40

d8 with the summing circuit. Section (c) of the trace was the background noise level with no

vibration. These results were obtained with the spectrophone valves closed, with N2 In the

spectrophone and with 260 nm of chopped laser power passing through It. Similar vibration noise

reduction was achieved with the accelerometer.

Figure 6 shows an absorption measurement for 7.6 ppm NO2 In air while mulling vibrations wtth the

Knowles microphone circuit. The gas was flowing through the spectrophone at 1.1 cmrn/s. The nulling

improved the signal to noise ratio by 20 dB. The noise was not reduced as much as with the valves

closed probably due to acoustic noise entering the spectrophone through the flow tubes. Bandpass

filters were used in the nulling circuits since the lock-in amplifier did not eliminate odd harmonics

of the detection frequency. At these higher frequencies, the relative phase shifts in the nulling

circuit were different than the phase shift for the fundamental and hence compensation was not

effective over the entire spectrum.

Mechanical isolation aqainst vibration was tested using a two inch thick cellular foam pad placed

between the spectrophone's baseplate and the vibration exciter. This arrangement provided 30 dB

isolation from sinusoidal vibrations at 100 Hz and 60 d8 at frequencies above 400 Hz.

Using broadband acoustic noise with a sound power level of 108 d6 the spectrophone noise

increased a maximum of 6 d9/(Hz) 1 / 2 in the 50 to 2000 Hz frequency range. When the speakers were

driven with a single frequency sinusoidal source such that the sound power level at the spectrophone

was 100 dA, the spectrophone response was 18 dB above Its background. The acoustic Isolation box

reduced this response by 10 - 15 dR for frequencies between 500 and 1000 Hz but did not reduce the

response for frequencies below 300 Hz.

Figure 7 shows the exprimental data on the number concentration of cigarette smoke particles

measured hy the SPART analyzer plotted against the photoacaustic signal from the longitudinally

resonant spectrophone. A count rate of 20 particles/s on the SPART analyzer corresponded to a

concentration of 200 psrticles/cm3 . Figure 8 shows the spectrophone signal for filtered air, roan air.

and dilute cigarette smoke. The chopped laser power at the spectrophone was about 200 MW and the lock-

In amplifier was set for a second time constant. The signal with filtered air was probably due

primarily to absorption in the windows or cell walls, however, the possihility of a backgrtund gaseous

absorber was not eliminated.

The background noise level of less than 100 nV and the absorption signal for cigarette smoke of

about three iV per 100 particles/cm3 indicates a detection limit of about three particles/cm3 . The

particle concentration at which the spectrophone siqnal begins to saturate was not determined.

The photoacoustic signal from NaCl particles was found to he humidity dependent and was nearly
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three orders of magnitude less than for cigarette smoke for an equal particle concentration. The

photoacoustic signal from PLS particles was two orders of magnitude less than for cigarette smoke.

The longitudinally resonant spectrophone was the simplest, least expensive and most sensitive of

the three spectrophones tested and since It was windowless, contamination problems were minor. The

photoacoustic signals generated by light absorption in the windows of the Rurleigh and Helmholtz

resonant spectrophones were found to vary due to contamination of the windows. These variations were

at levels significantly greater than the background noise and, hence, decreased the sensitivity of the

two systems with respect to that shown in Table I. Continuous flow and window purging with clean air

would be necessary to allow them to be used with aerosols.

Isolation of a non-resonant spectrophone from the vibration and acoustic noise present on an

airplane appeared to be quite feasible. An estimated 40 dR reduction in vibration could be obtained

with commercial nechanical vibration Isolators. 1 The electronic nulling circuitry used here supplied

an additional 35 dR. The rms vibration level measured 2 on board the CV-990 aircraft of 0.17 g/(Hz) 1/ 2

and the spectroohone response of 1.3 mV/g give an expected rms noise due to vibration of 0.2

mV/(Hz) 1 / 2 . Reducing this hby 7S dR yields a vibration noise of 35 nV/(Hz) 1/ 2 . The noise level of the

spectrophone was 500 nV/(Hz) 1 / 2 at 100 Hz and was inversely proportional to the detection frequency. r "h'"

Acoustic isolation from high level broadband noise appears to be easily achieved. If high level

single frequency sources exist on an airplane, it should be possible to simply use a chopping frequency

several Hz away from them.

p o .
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SPECTROSCOPY OF 0? rWU CL A PMIflZ

Donald R. Huffman
Department of Physics
University of Arizona
Tucson, Arizona 85721

ABSTRACT

We have begun a program to isolate atoms and small molecular clusters in low
temperature solid argon matrices for the purpose of doing spectroscopy in the
ultraviolet, visible, and infrared regions. The samples of interest are metals
and carbon. In the early stages of this work we nave pg£1fited greatly from
collaboration with two research groups in West Germany. Two presentations based
on these collaborations were made at the Third International Symposium on
Molecular Clusters and Small Particles held in West Berlin, July, 1984. The papers,
listed below, are also being published in a special edition of Surface .Scence.

K. P. Pflibnen and D. R. Huffman, "Electronic and Vibrational Spectra
of AgNa Molecular Clusters and Small Particles," Surface Science, 1984.

W. Krltschmar, N. Borg, and D. R. Huffman, "Spectroscopy of Matrix isolated
Carbon Cluster Molecules Between 200 and 650 =u Wavelength,w Surface Science, 1984.

In the present report we present recent results on spectroscopy of molecular
clusters of carbon in the visible and ultraviolet. A monochromator for the
infrared spectral range is being designed for simultaneous spectroscopy in the
uv and ir. By further annealing of matrix isolated molecular clusters we hope
to follow spectroscopically the transition from molecular clusters to small solid
particles.

INTRODUCTION
C-

In spectral regions where the real part of the complex dielectric function is

negative there occur very strong absorption effects in small particles, often called

surface plasmons as they occur in the ultraviolet spectra of metallic particles

and surface phonons in the infrared spectra of insulating particles. Shape effects

including both nonsphericity of individual particles and aggregation of partioles

have extreme effects in these regions. In experimental studies aimed at understad-

ing these optical effects it has been practically impossible to eliminate particle

aggregation for particleu in the sub-micrometer size range, sinoe the particles

almost invariably aggregate during the production process. In an effort to avoid

this problem while producing very small particles (i.e. 50 X si*e) we have begun

a program to build up small particles from atomic constituents vhile keeping the

clusters immobilized in the medium of a solid rare gas, such as solid argon.

The technique, known ae matri, imolation spectroscopy has boon used for many
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years,2-4 primarily by chemists studying unstable species such as free radicals.

Pioneering work for the purpose of bridging the gap between molecular and small

particle, solid state speotroscopies has been done by the Stuttgart group under

Dr. T. P. Martin.5 ,6 Considerable progress has already been made in collaboration

with the Max-Planck Institutes at Heidelberg and at Stuttgart in West Germany. At

Heidelberg our emphasis has been on the visible and ultraviolet spectra of molecular

clusters of carbon. At Stuttgart the emphasis has been on alloyed molecular clus-

ters of dissimilar metal atoms, utilizing both ultraviolet specroscopy for probing

electron states and far infrared spectroscopy for probing vibrational states. Some

work along both lines is continuing in our laboratory in Tucson. Examples of both

the carbon cluster spectroscopy and the alloyed metal spectroscopy were presented

at the Third International Symposium on Molecular Clusters and Small Particles held

in West Berlin in July, 1984. These papers have been accepted for publication in

Surface Science. In this report we present results only for the carbon cluster

problem.

EXPERIMENT

As in other typical matrix isolation apparatus, we use a liquid helium-cooled

cold finger supporting a transparent saphire substrate in the beam of the spectro-

photometer. With the substrate held at a temperature between 10 and 15 K, argon

is allowed to condense onto the substrate to form the matrix. During this deposi-

tion carbon vapor, produced by evaporating a pointed carbon rod, is introduced into

the argon gas stream to form isolated atoms and small molecular clusters of carbon

in the frozen matrix. Later warming of the substrate to 25 - 30 K allows larger

clusters and small particles to form by diffusion and coagulation of the carbon

atoms.

RESULTS

One example of extinction (absorption + scattering) spectra for carbon vapor

trapped in solid argon is shown in the figure. Curves are shown before and after

the annealing process. Superimposed on a small extinction rise tow~ard the uv

(which we interpret as due to soattering) are numerous absorption bands due to

molecular clusters of carbon. Even the small details of these spectra are repro-

ducible. Initially the most prominent feature is the well known C3 band at

410 nm. 7  Upon annealing, the C3 band decreases and other bands increase, which we
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interpret as due to the grc.vth of larger mQlecular clusters. Because of the tenden-

cy of carbon nolecules to form linear chains, the observed spectra are tentatively

thought to be due to carbon chains. Details of the first suggested identifications

are given in reference 8. At the present time it is not possible to confidently

identify all major bands in the complicated spectra. %

FURTHER WORK

Similar matrix isolation apparatus for carbon is being set up on a McPherson

vacuum-ultraviolet spectrophotometer to extend this work down to about 120 nm

wavelength. This should reveal the supposed C3 bands in the 170-180 nm region

which form an important tie-point for the proper identification of larger clusters.

In the design stage is an infrared monochromator system to be adapted to the visible

and vacuum-uv apparatus for simultaneous measurements of both infrared and ultra-

violet spectra. With such a combination the development of vibrational mode s.

absorption can be followed in synchronism with the development of electronic

absorption as the clusters grow.

Finally, it is hoped that the development of molecular absorption bands

can be followed as they grow with further annealing into solid state absorption&,

such as the well known 220 nm surface plasmon band in small graphite particles.
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ABSORPTION AND SCATTERING BY
SMALL PARTICLES; STRUCTURE OF

THE INTERNAL AND NEAR FIELDS

H. Weil and T.B.A. Senior
Radiation Laboratory

Department of Electrical Engineering and Computer Sciench
The University of Michigan
Ann Arbor, Michigan 48109

This paper concerns work completed or in progress on computing the electric fields induced by

radiation incident on small particles. Emphasis has been on the fields inside and near the particl's %

when the incident radiation is in an absorption band of the bulk material. This work has been

presented, published,and submitted for publication as follows.

T.B.A. Senior and H. Weil, "Structure of Polarition Modes," Proceedings of the 1983 CSL

Conference on Obscuration Research. submitted Sept. 1983.

H. Well and T.B.A. Senior, "Structure of Surface Polarition Modes In and Near Small Particles,"

National Radio Science Meeting (USNC/URSI, IEEE) Boulder, CO; presented Jan. 1984.

H. Well, T.B.A. Senior and T. 11. Willis 111, "Internal and Near Fields of Small Particles

Irradiated in Spectral Absorption Bands." submitted to Journal of the Optical Society of America, -

Sept. 1984.

Related work based on the same integral equation and theoretical-numerical techniques is in

progress to determine the effects on scattering and absorption of isolated surface irregularities,

of surface roughness and af periodic surface microstructure. In all this work rotational symmetry

of the particles has been assumed in order to keep the mathematics "relatively" simple.

A completely different integral-equation-based method has been applied to the study of

scattering and absorption by thin flakes of arbitrary shape. The entire flake is small compared to the

free space wavelength. Here the thickness effects are approximately taken into account by

incorporating them into an impedance boundary condition on an equivalent zero-thickness flake.

This simplification is whit permits the analysis to be applied readily to non-rotatiornally symmetric

shapes. The following two publications have so far resulted and work is still In progress.

T.B.A. Senior and M. Naor, "Low Frequency Scattering by a Resistive Plate," IEEE Trans. AP-32,

pp 272-275, March 1984.

T.B.A. Senior and D. A. Ksienski, "Determination of a Vector Potential," Radio Science, 19

pp 603-607, March-April 1984.

The latter paper deals with the fact that the standardlow-frequency scattering theories fail
"4.

in the case of open surfaces (i.e., two dimensional objects representing a discontinuity in space) and

are inconvenient for solid objects. The problem of the open surface was solved and an improved
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method of solution for solid objects was also developed. The two methods were presented in the paper

by Senior and Ksienski.

All the above work is for Rayleigh particles, all dimensions small compared to X, the incident

wavelength. To study the effects of havig one dimension comparable to the wavelength we are

investigating the scattering, absorption and internal fields for thin circular disks as the disk

radius a varies from a X x to a x. To do this we have revised and extended a moment method due

to C. M. Chu and H. Well (Applies Optics 19, pp 2066-2071, June 15, 1980). The original Chu-Weil

formulation was not accurate when a << x mainly because the basis functions were inappropriate In

that case; it also did not completely compute the Internal fields but only the coefficients for

an expansion ot the internal fields in terms of the basis functions. A modified and expanded set

of basis functions has been introduced and the program rewritten to account for this change and

to compute the internal fields. This work is largely completed but the final computing programs

are undergoing more testing.
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A NEW ITERATIVE EXTENDED BOUNDARY CONDITION METHOD FOR CALClJ'7NG
SCATTERING AND ABSORPTION BY ELONGATED OBJECTS

Maqdy F. Iskander
Department of Electrical Engineering

University of Utah
Salt Lake City, Utah 84112

Abstract

The extended boundary condition method (EBCM), which is a popular procedure for solving scatter-
ing and absorption by dielectric objects, is basedonan integral equation formulation which utilizes
spherical expansions to solve for the unknown fields. Such a procedure is known to be limited and
inadequate for elongated dielectric objects and particularly those of large comolex permittiviLies. As
the shape of the object deviates from that of a sphere, a large number of terms in the vector spherical
harmonics expansion of the unknown fields is required, which forces the matrix formulation to include
Hankel functions of large arguments and orders and, in turn, results in an ill-conditioned system of
equations.

In this paper we describe a new procedure, the iterative extended boundary condition method
(IEBCM), for improving the solution stability and extending the frequency range of the EBCM. The new
procedure has two main features including: *

1. It involves dividing the internal volume of the dielectric object into several overlapping

regions and employing separate field expansions in each of these overlapoing subregions.

2. It is iterative since it starts with a known solution that approximates the scattering prob-
lem.

For high-loss dielectric objects of large aspect ratio, the initial assumption of the surface
fields was obtained by approximating the object by a perfectly conducting one of the same size and
shape. Numerical results were obtained for frequencies up to seven times the resonance of these
objects. Up to 11 overlapping subregions were found necessary to describe the internal fields of these
objects.

For low-loss elongated dielectric objects commonly encountered in optical aoplications, on the
other hand, the initial assumption was obtained by approximating the object's geometry, rather than its
properties, by a spherical one and using the Mie solution to obtain the approximate surface fields.
Also in this case, we carry out the iterative procedure by solving for objects of intermediate geo-
metrics between the initial sphere and the elongated object of interest. Thus, while in utilizing the
perfect conductor initial assumption, we use the iterative orocedure to build in the properties of the
object; in the low-loss dielectric object case we preferably iterate to build in the geometry of the
elongated object.

We also examined the application of the IEBCN to solve for composite bodies using mixed basis
functions. in a capped cylindrical object, the interior volume was first divided into several over-

lapping spherical subregions and alternatively gartitioned into a finite cylindrical subregion and two
spherical end caps. Spherical expansions were used in the spherical subregions and a cylindrical

expansion was utilized for the cylindrical subregion. The obtained numerical results clearly illus-

trated the computational advantages in choosing the expansion functions compatible with the geometry of
the object. 7117

Numerical results for spheriids of aspect ratios as large as 12:1 are obtained, thus illustrating
the feasibility of using the IEBCM for highly elongated objects at frequencies at and beyond the reso-
nance frequency range. The obtained numericai -esults also illustrated the importance and the compute-
tional advantages of using different basis functions such as cylindrical and spherical to solve for
very highly elongated object.. *.

* This work has been published and presented as follows:
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tion, Vol. AP-31, 1983, pp. 317-324.
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for solving the absorption characteristics of lossy dielectric objects of large aspect ratios,"
IEEE Transactions on Microwave Theory and Techniques, Vol. MTT-31, 1983, pp. 640-647.
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elongated objects at and beyond resonance," IEEE Transactions on Electromagnetic Compatibility,
Vol. EMC-25, 1983, pp. 448-453.

Conference Presentations

M. F. Iskander, S. C. Olson, and C. H. Durney, "Extension of the iterative EBCM to calculate
scattering by low-loss elongated dielec, ic objects and its hybridization with the geometrical
optics approximation," International IEEE/AP-S Symposium and National Radio Science Meeting,
Boston, Massachusetts, June 25-29, 1984.

K. F. Iskander, "An iterative extended boundary condition method for calculating scattering and
bsborption by elongated dielectric objects," invited presentation in the special session on

vumericai techniques at the URSI Annual Meeting, Boulder, Colorado, January 1984.

M. F. Iskander, S. C. Olson, and C. H. Durney, "Calculation of the average resonance absorption
by human and animal models," presented in the Sixth Annual Meeting of the Bioelectromagnetics
Society, Atlanta, George, July 15-19, 1984.

K. F. Iskander, "New iterative extended boundary condition method for calculating scattering and
absorption by elongated and composite objects," presented at CRDC Scientific Conference on
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A. Lakhtakia, M. F. Iskander, and C. H. Durney, "On the use of the iterative E8CM to solve for
absorption by composite dielectric objects -- the introduction of mixed basis functions," .re-
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M. F. Iskander, A. Lakhtakia, and C. H. Durney, "Scattering and absorption by dielectric
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Introduction

It is generally known that the extended boundary condition method (EBCM) is a popular procedure

to solve for the scattering and bbsurptio'. of electromagnetic radiation by dielectric objects. Such

scattering sand absep-ion problems have many important applications in a variety of fields, including

light scattering by particles, fiber optics com-munication, and in evaluating the hazardous effects

associated with electromagnetic radiation. Among the many available techniques for solving the three-

dimensional scattering problems, the EBCN has been widely utilized in calculating the scattering and

absorption characteristics of axisymmetric dielectric objects. Our group at the University of Utah,

298



for example, has utilized the EBCM in calculating the power absorption characteristics of spheroidal

biological models of humans and animate exposed to plane-wave [1, 21 or near-field radiation [3-71. In

all cases, however, the calculations were limited to the preresonance frequency range simply because of

certain numerical instabilities in the EM04 at and beyond the resonance frequency range (31. This

problem becomes pronounced the more the shape of the dielectric object deviates from that of a sphere,

such as for a spheroidal model of large &/b ratio. For such cases, a large number of terms in the -"

vector spherical harmonics expansion is required to describe the field variations, which forces the .

matrix formulation to include Hankel functions of large arguments and orders, and which, in turn,

result in an ill-conditioned system of equations. The solution procedure employed earlier to overcome

this problem and described in some of our publications (1, 31 vas temporary. Although it allowed one

to obtain results at relatively high frequencies, it did not solve the basic problem involved, and

hence was once again inaccurate as the frequency approached resonance [1-31.

In this paper, we describe a new iterative procedure called "the iterative extended boundary

condition method (IEBCM)" for improving the stability and extending the frequency range of the EBCH.

Description of the New Merhod

The new technique is iterative since it requires an initial estimate of the tangential fields on

the object's surface and also utilizes the key process of representing the fields inside the dielectic

object by several overlapping subregional expansions. For objects which are characterized by large

complex relative permittivities, the initial estimate was obtained by replacing the dielectric object

by a perfectly conducting one of the same shape and size and then solving for the current densities on

the substitute object (8-101. This initial estimate is then utilized iteratively to obtain the correct

solution for the dielectric object of interest. It is shown that the dielectric properties of the

original object are actually gradually built in the solution from the initial assumption through the

iterative procedure.

For the case where we approximate the object by a perfectly conducting one, the surface current

density of the Lth iteration is obtained by solving the following integral equation 18, 9, 101

.f( ')EU1 ) G(kr/kr')]ds'
S+ v x fint

X(r) * (kr/kr'))ds'}

- .

jWC +
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where n is the unit outward normal to the surface s, G(kr/kr') is the free-space transverse dyadic

Green's function, and k - 'i•io o is the wave number in free space. The internal fields j(t-l) and
0 0 int

t are the known fields from the internal problem of the previous iteration. The only unknown in

Eq. (1) is the incremental surface current density n x 6H0) to be calculated as the solution to the

external problem. This incremental current, when determined, is added to n x -1) from the previous

-(M)
iteration to give a new and refined value of the total surface current n x R+

'-_

To extend the application of this technique to low-loss or lossless dielectric objects, the ini-

tial assumption was obtained by approximating the geometry of the object. A solution for the original

geometry was obtained by iteratively obtaining solutions of objects of intermediate shapes between the

initial approximate (substitute) shape and the final geometry of interest. For example, for a highly V"

elongated dielectric object, the initial aslumption of the surface fields may be obtained from the Hie

solution of a spherical object with the same dielectric properties. The irerative procedure is then

utilized to build in gradually the geometry of the elongated object. In other words, while in our

previous work the initial assumption was obtained by approximating the object's properties (i.e., per-

mittivity) by perfectly conducting one and the original dielectric properties are built in gradually

through the iteration, in the low-loss dielectric objects case, the object's geometry (rather than

properties) was approximated to obtsiii the initial assumption, and the original geometry was built in

through the iterations.

The iterative solution for the low-loss or lossless dielectric case utilizes the tolloving equa-

tion (III:"-

i() + v n(r) (-1) - (kr/kr')ds'
int

5 0.

S f)(') G(kr/kr')ds'

8. SW 0+

f I [n6') x XA(O)r')] • G(kr/kr')ds' (2)
S J&eo£

o r

where AjN'. and V' x AP(O are the incremental magnetic and electric fields to be solved for. Em

and i(-I) are known from the solution of the approximate geometry, as ;ndicated earlier. It an,,uld be

noted that while in the high-loss objects case, we iterated only over the surface electric current

density [first term in the right-hand side of Eq. (2) [8) in the lonw-loss case, we maintained both the
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electric and magnetic current density terms in Eq. (2) (i.e., complete integral equation of the IBCH

approach), since we effectively iterate between various geometries and solve the complete equation for

each geometry. In other words, in extending the IEBCN solution procedure to lossless or low-loss
_(-_) -(-I) b p rx -".

dielectric objects, we obtain the initial assumption e'f the surface fields int and Hnt by approxi-

mating the object by a spherical one and using the Hie solution to obtain this initial assumption of

the fields. By solving Eq. (2) on the surface S of the elongated object, we determine

-(0) 7' - (0) which when added to the initial guess of the fields H. and ( provide a cow-
+ + iat ant

plete solution for the elongated object. Clearly, the closer the shape of the spherical substitute to

the nonspherical one, the better the initial guess is, and hence accurate final results are obtained 7"

readily after utilizivg the assumed fields in Eq. (2). For significant differences between the shapes

of the spherical substitute and the actual object of interest, we found it necessary to use objects of

intermediate shapes between the initial sphere and the final nonspherical object.

It should be emphasized that there are two important similarities between the IRBCM procedures

for both the lossless and high-loss dielectric cases. The first is related to the fact that a point

matching procedure was used in both cases to enforce the continuity of the surface field calculated

from the approximate initial assumption and the ;'ternal fields in the nonspheric&l object of inter-

est. Since Eqs. (1) and (2) are then used to solve only for incremental fields, fewer terms were used

in the vector spherical harmonics expansions, and hence ill-conditioning of the resulting system of

equations 12, 3! did not occur.

The other point is related to the key advantage of the IEBCM technique 18!, which is due to the

division of the internal volume of the dielectric object into several overlapping subregions, in each

of which a separate field expansion was used. Thus in determining the internal fields, the approximate

initial assumption was matched to several expansions of i(-. at the surface of the elongated object

181. The continuity of the internal fields throughout the object was also assured by enforcing the

".ontinuity of tese expansions at several points (typically 4-6 points) in the overlapping regions, as

shown in Fi.. I. This process thus overcomes the basic problem with the regular EBCM, which is related

Lo utilization of a singil. spherical expansion to describe the field inside the dielectric object. The

surface integrations on the left-hand side of Lq. (2) thus utilize more than one (if needed) spherical

expansion of E.(-0 and i(-.); each is used to calculate the surface fields only over a portion of the
int int

surface S.

Numerical Resulta

Figure 2 shows the average specific absorption rate (W/kg) for the spheroidal object of a/b "

5.54, and a * 0.865 meters. The range of variation of the complex permittivity values over the fre-
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quenOy range of interest is also indicated on Fig. 2. The figure clearly illustrates the advantage of

using the l1BCK over the regular 31CM to extend the calculation to and beyond the resonance frequency

of the dielectric object. Table I (L1] illustrates the advantage of applying the 1tBCM to the highly

elongated lossless spheroidal object of ka - 1.35 and e a 5 + J0. From the table, it is clear that

the accuracy of the 33CH results started to deteriorate when the aspect ratio of the oblact exceeded

a/b a 4. The I3cM results for a/b > 4 were, therefore, not reported in Table 1. lince the dielectric

cbject used for the calculations in Table I ts loseless, the accuracy of the obtained results was

judged by comparing the extinction and scattering efticiencies. Many other numerical aspects of the

13BCM, such as the number of overlapping regions, the number of intermediate steps, and the number of

iterations as well as the CPU time may be found in our other publications available in the literature

18-10). Table It compares the IEBCM procedure vith the regular ERCM technique. Table III sets the

IKBCM in perspective.

12.S(1) v(1 .

.Oo

(2) 2)

(3) (3)

Fig. I. Schematic illustrating, ihe divisaon of the spheroidal volume V into
spherical ,sbvolumes V . The ith subvolume it.cbailcterize *Ie
surface S" and the adjoint overlap regions OV and OV -

-3
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1 .4.N.

Z IUCH range

"E"

I I

" "10' I I0' 0

a/b ; 5.54, a 0.865 m

c* x 65 + J200 to 38 + J78

(40 MHz) (200 MHz)

Fig. 2. The specific absorption rate (SAR) in (W/kg) in a spheroidal model of a - 0.865 a and a/b -

5.54. The figure specifically indicated extending the frequency range using the 15CH.

Table 1. The scattering *nd extinction efficiencies for a spheroidal dielectric object of
ka a 1.35 and e a 5. + jO. for spheroidal ratio x - a/b > 4, the regular Z5CM
method did not provide convergent results. The results for x > 6 were obtained
by using the 12B50 with two spherical expansions in the overlapping subregions.

Spheroidal Ratio Extinction Efficiency Scattering Efficiency

x - s/b EDCH 138CM BBCM 133c4

2:1 0. 1,9 0.1449 0.1449 0.1449

3:1 0.210 x 101 0.z1O I0- 0.210 1 101 0.210 X 10"

1.35 4:11 0.579 x 102 0.581 x 10-2 0.579 1

5:1 N/A 0.2197 x 102 N/A 0.2197 x 10-2

6:1 N/A 0.1009 X 10-2 N/A 0.1009 X 10.2

7:1 N/A 0.531 x 10N /A 0.530 x 103-

8:1 N/A 0.306 x 10 N/A 0.306 x 10.

10:1 N/A 0.1218 x 10 N/A 0.1218 1- 10%
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Table 2. Comparison between the basic features of the regular extended boundary condition
method (EBC) and the new advantages of the new iterative technique (IEBCM).

Comparison between EBCM and IEBCM

EBCM IEBCM

" Si;igle spherical expansion •Multiple expansions
spherical and mixed

" Analytical continuity *Continuity explicitly
implicitly assumed enforced

" One step solution *Iterative and requires
initial surface fields

*Application: Limited to oApplications:
small and moderate aspect + small and moderate
ratios aspect

S+ highly elongated
objects

+ objects of large c.
"and Ka

+ composite objects,
chains, clusters, etc.

Table 3. The new technique IEBCM in perspective.
-J-

EBCM IEBCM

•_ _ _ 0 0";
* Highly elongated objects

0 Large Ka, and high e*

* Composite objects:
"chains, clusters

o Small objects

a, Matrix size 0
* CPU N

* Simplicity to use ©©

304



References

(I1 P. W. Barber, "Scattering and absorption efficiencies for nonapherical dielectrical objects -

biological models," IEEE Transactions on Biomedical Engineering, Vol. BNE-25, 1978, pp. 155-159.

(2] P. W. Barber, "Resonance electromagnetic absorption by nonspherical dielectric objects," IEEE

Transactions on Microwave Theory and Techniques, Vol. MKT-25, 1977, pp. 373-381.

(31 M. F. Iskander, P. W. Barber, C. H. Durney, and H. Masaoudi, "Irradiation of prolate spheroidal

models of humans in the near field of a short electric dipole," IEEE Transactions on Microwave

Theory and Technique, Vol. MTT-28, 1980, pp. 801-807.

[4) A. Lakhtakia, M. F. Iskander, C. H. Durney, and H. Massoudi, "Irradiation of prolate spheroidal
models of humans and animals in the near field of a small loop antenna," Radio Science, Vol. 17

(5S), 1982, pp. 775-845.

151 A. Lakhtakia, M. F. Iskander, C. H. Durney, and H. Massoudi, "Near-field absorption in prolate
spheroidal models of humans exposed to a small loop antenna of arbitrary orientation," IEEE

Transactions on Microwave Theory and Techniques, Vol. MTT-29, 1981, pp. 588-594.

(6] A. Lakhtakia, M. F. Iskander, C. H. Durney, and H. Massoudi, "Absorption characteristics of pro-
late spheroidal models exposed to the near fields of electrically small apertures," IEEE Transac-
tions on Biomedical Engineering, Vol. BME-29, 1982, pp. 569-576.

[71 A. Lakhtakia and M. F. Iskander, "Scattering and absorption characteristics of lossy dielectric
objects exposed to the near fields of aperture sources," IEEE Transactions on Antennas and Propa- -.-

gation, Vol. AP-31, 1983, pp. 111-120.

[8] M. F. Iskander, A. Lakhtskia, and C. H. Durney, "A new procedure for improving the solution sta-
bility and extending the f.equency range of the ERCM," IEEE Transactions on Antennas and Propaga-
tion, Vol. AP-31, 1983, pp. 317-324.

A. Lakhtakia, M. F. Iskander, and C. H. Durney, "An iterative extended boundary condition method
.,r solving the absorption characteristics of lossy dielectric objects of large aspect ratios,"

IEEE Transactions on Microwave Theory and Techniques, Vol. MTT-31, 1983, pp. 640-647.

[10] A. Lakhtakia and M. F. Iskander, "Theoretical and experimental evaluation of power absorption in
elongated biological objects at and beyond resonance," IEEE Transactions on Electromagnetics
Compatibility, Vol. EMC-25, 1983, pp. 448-453.

[1ll M. F. Iskander and A. Lakhtakia, "Extension of the iterative EBCM to calculate scattering by low-
loss or lossless elongated dielectric objects," Applied Optics, Vol. 23, 1984, pp. 948-953.

305

,% %.



I ~BLANK -

306

4-

~I* .t.* .-. ~ a.~,. .. *,o



COMPLETE MUELLER MATRIX CALCULATIONS FOR
LIGHT SCATTERING FROM DIELECTRIC CUBES OF

DIMENSIONS OF THE ORDER OF A WAVELENGTH

Chia-Ren Hu, George W. Kattawar and Mark E. Parkin
Department of Physics, Texas A&M University

College Station, Texas 77843

ABSTRACT

A new resolvent kernel technique is used to calculate the complete Mueller matrix for the scatter-

Ing of an electromagnetic plane wave from a dielectric cube whose dimension is Of the order of a

wavelength. A brief summary of both the theory and computational method is presented. Certain Mueller

matrix elements, as well as cross sections are presenteu for several cube orientations and compared to

the Mle scattering results from an equivalent volume sphere. Preliminary analysis indicates that cer-

tain symmetry properties of the scatterer dictate the behavior of the elements for forward and b3ckward

scattering as well as the extinction cross section.

THEORY

In this section we briefl) uescribe the theoretical method used In the present calculation.

Maxwell's equations for time-harmonic problems may be written as

x x - k- 2g k 2 , (1) ")

x ik (2)

where we have assumed g- €, 3 - og, A H. k - w/c, and m(r) is the local complex index of refraction

m 2 ) c(r)÷ 4 iio(')/w . (3)

Using a dyadic Green's function C(r,r•') defined by 4 x 0 x*G(r,r*') - k G(r,r') _ 1 63(r - r'), Eq. (1)

for scattering problems may be recast as an integral equation:

• Inc k2 Jr,, • tm2r') -k r')d r', (14)

4 -4

where ,n, is the incident radiation field. For the present purpose we take n 0 The proper

dyadic Green's function contains a singular term:

4-

(, -_- _ 3(A) * G(R-c_'S (A) (5)
k2 LS
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where R r r - r', Is a positive infinitesimal quantity, e(x) = i ror x > 0 and 0 for x < 0, and
vsj

4Rie ""ikR

LRR k 2R2 t R(Ik 2R2 W-

where R /, adR Irt 'I.

Assuming the scatterer is uniform, then m(r) m a inside the volume V of the scatterer and unity

outside. We may then rewrite Eq. (4) for r inside V as

p2
ef(4) En( + 1wak2 Gv~d,!S( * , (er )d 3 r' (7)

eff * Inc" JVLSI eff

where 'e1 . L(M2 ,2)/3)9. a (3/4m)(m 2 -1)/(m2 ,2), and the "primed integration" IPd3r' over V excludes _

an infinitesimal sphere (or cube) around r- r. Once Eq. (7) Is solved for i inside V, the scattered

radiation in the far field region may be obtained via

i kr
SC() " - rxr x [ I 2) e- rMer] d{(8) .
SC r V efr

When _ (S ) is determined for two mutually perpendicular polarizations of the Incident field, one may
- SC

deduce the amplitude scattering matrix as defined, for exampie, in Ref. 1. and from which, tý. complete

4 x 4 Mueller matrix can be calculated.

The integral equation Eq. (7) can be discretized and converted into a set of simultaneous

equations. This set of equations would then have to be solved for each state of polarization of the in-

cident wave, direction of incidence and complex refractive index m. However, Instead of solving it this

way, it is more convenient to first solve the following equation for a resolvent kernel R(rr'):

(where the primed, integration implies an infinitesimal exclusion around (1 r) and then obtain the

solution of Eq. (7) by one more integration:

*eff) -*inc(; + a r r rinc(r') d 3 r'• (10)

We note that Eq. (9) is independent of the direction of k. and the Incident polarization.

2
Following the idea of Marouf, Eq. (9) may be further converted to a matrix Ricatti differential

equation
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- 'V 'R d3 ()r)

with -i initial condition

2,2
S( , rl-O Z4nk e(R-c) CL- (r r1) .(12)

Therefore,one single integraticn of Eq. (11) allows us to obtain• (4,9') for a whole physical range of

a values, for a given volume of the scatterer (in units of k- 3 ), and k which appears in Eq. (12). In

• i solving Eq. (11), we discretize the volume V and convert the equation to a large number of coupled ordi-

*. nary differential equations, or equivalently, a matrix differential equation

dA/da - R (13)

Symbolically Eq. (13) has a solution of the form

0

where 0 is the value of R at a - 0, and is given by discretizing the right hand side of Eq. (12). Thus

*-1
any elgenvalue A of Ro will give rise to a pole in A at a - A . The maxtrix A io , however. not

0

Hermitian and we find all its elgenvalues to lie in the upper half as-plane. Thus all poles of A are 10-

* cated in the lower half *-plane, implying that A is analytic in the upper half plane. When some

elgenvalue. I1. of i 1s close to the real line, the solution of Eq. (13) will run into convergence

. problems near a - AI. We have overcome this difficulty by employing a path integrat4on around the pole

in the upper-half a-p]ane and confirmed that the result is path-independent.

COMPUTATIONAL TECHNIQUES AND RESULTS

In order to solve the Ricatti differential equaticn for the resolvent kernel, we have to dis-

cretize the voltume integral over the cube. To do this we partition the cube into N subcubes where the

field was calculated at the center of each subcube. However to evaluate the dyadic Green's function,

six additional points were placed at the center of the faces of each suboube to obtain a good average

for ;he center. Since this It the first time, to our knowleoge, that calculations have been performed

*: for the Mueller matrix for oubes, careful testing has to be performed. One of the most significant

tests we have performed is the test of analyticity of the resolvent kernel. To do this we
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took different paths in the upper half complex a plane in going from an initial to a final value. The

worst disagreement in the different runa was only one part in 10 . We have also established that car-

tai symmetry properties are present in the oomputational results for both the Mueller matrix elements

and the cross seotions.

Complete Mueller matrix calculations were performed for a cube whose refractive index was 1.574 -

6 x 10 3 1 and whose edge-length to wavelength ratio (L/A) was 0.76967. This particular ratio will yield

an equivalent volume sphere whose size parameter p - 2wr/A - 3.0 where r Is the radius of the sphere. .

The cube was subdivided into 125 suboubes which yielded a complex resolvent kernel matrix of order 375.

Calculations were performed for three directions of the incident wave veotor k(kx,k ,k ). The coor-

dinate system is situated at the center of the cube with the axes passing through the centers of three

orthogonal faces. The three directions chosen were face-on specified by (1,0,0); edge on (1,1,0) and

corner-on (1.1,1). The scattering plane Is defined as the plane perpendicular to one component of the

incident electric field vector which we label as •,the parallel component as For the calculation

presented the orientation of the orthogonal triad k, 9j. are such that one of the coordinate axe& of

the cube is in the plane determined by * and This configuration will produce right-left symmetry in

the scattering plane and, therefore, scattering angles only from 0-1800 have to be considered.

In Table I we present results of the various cross sections for the three orientations chosen and

also the corresponding ones for an equivalent volume sphere or the same refractive index. What is par-

ticularly noteworthy is that for the incident wave polarized perpendicular to the scattering plane, more

absorption is generated in the cube tnan the equivalent volume sphere for all three orientations. In

fact, for edge-on incidence (1.1,0) there is -56% more absorption by the cube. 1p
TABLE I

Absorption cross section (o ), scattering ýros3 section (a ) and
extinction cross section (a I in units of X for three orie~tations

of the cube and corresponding ýuantitie3 for an equivalent volume sphere.
The superscripts land 11 refer to perpendicular and parallel polarization states respectively.

CUBE
Incident PII , H 0t II

al 01 Oi0 al 01-
Direction a a b b T T

(1,1,0) 0.0544 0.0976 2.006 3.1957 2.0603 3.2933

(1.0,0) 0.0901 0.0901 2.9286 2.9286 3.0187 3.0187

(1,1,1) 0.0632 0.0632 2.3770 2.3770 2.4401 2.4401

SPHERE

0.0626 0.0626 2.6382 2.6382 2.7008 2.7008
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In Figs. la and Ib we show a comparison of P and P12 elements of the reduced Mueller matrix for

three directions of incidence and also the equivalent volume sphere. The element P1 1. oftentimes

referred to as the phase function, is shown in Fig. Ia. There are several features to this curve which

606. However beyond this th, become quite dissimilar. In particular when the cube is hit edge-on

(1,1,0) a secondary maximum appears around 900. This may be attributable to geometric optics effects

where a race can specularly reflect the Incoming radiation producing a maxima at 900. When the cube tS

hit face-on (1,0,0) a strong maximum appears at 1800 since the radiation can be reflected directly back-

wards from the faces hit by the direct beam.

In Fig. lb we show the element P1 2 which would give the degree of linear polarization for an un-

polarized incident beam. The case for cornor-on (1,1.1) Incidence more closely resembles the sphere;

however, the other two orientations show large disparities. Of particular interest is the fact that the

case for edge-on Incidence (1,1,0) Is nonzero at O0 and 1800. This behavior can be explained by certain

symmetry properties. A complete symmetry analysis of all of the elements of the Mueller matrix at 0and

1800 will be presented in a future publication.

In Figs. 2a and 2b we present the elements P and P Again large disparities exist between theP33 34'

various cube orientations and the equivalent volume sphere. It should also be mentioned that we have

developed a routine to calculate the Mueller matrix for a cube In random orientation. The results will

be presented in a future publication.

In Fig. 3 we show the element P2 2 " What is Interesting is that only the case of corner-on (1,1.1)

incidence differs from unity. This element will deviate from unity even when the cube Is In random

orientation. This element Is a true indicator of non-sphericity.

ACKNOWLEDGMENT

This research was supported by the U.S. Army Research office under Contract No. DWAG29-83-K-0074.

REFERENCES

1. Bohren, C. F., Huffman, D. R. (1983), "Absorption and Scattering of Light by Small Particles".

John Wiley & Sons. New York.

2. Marouf, E. A. (1975), "The Rings of Saturn: Analysis of a Bistatic-Radar Experiment", Technical

Report No. 3240-1 Center for Radar Astronomy, Stanford Electronics Laboratories.

311

-4

- b %I %•~~ "%• %• *'.'- % .,, • .' • ' '- .. : • . " . . .* .. ... .- . .' . . . ..**



•,+

F

lo', "•-- •

[__

,•, •.i-
: []!

looses •"

• liNO* •l.O0 •..

• OqlO..4.Ylll'Y *€,-(+,+,0) :•"
• o,•ct.-o.'lwr/,€,.(+.+,o)
• Otcl,•'mlr/Ic,,,(ioo)I0• , , • • • --• •!O0 ,•0 300 +.• IlO•P TSO I•O ,€6.0 ,20• ,:M• ,•0 ,lifo ,80.0

Scotterin9 Angle O [degrees]

PiG. 18 F
HueZler mtrix element P'I aea funotion f

.• oi" 8oatter|n8 8ngZe tot tl•e• subs orientations

.'. and for 8n equivalent volume 8phere
o+i '

OJ. "

S,;.'% °o "--
• f.

o.,. • 0 • e :O .:.O ,'.so .o •-
.4. 04, tO .0 •4'*0

0.4- **'*' 0 + * 0 4i0 "+' "0
." 0 • 06"00 •0,".

*** * 0 €.

** • + *0 ,1, ",.•,O. _ ',,+.
".0 1 ........... II** ---,L ,... - '.or •+.•,_•+ %. ,i • ;:

-0.3, •
S"

•4k 4, i/-•-
-0,4, •*' "'"

'• %.v• "''L
_•,J • " i•?',t

4,INO .. &llO + + "'"p'
4. 4"

-o.a • cumot•;me'n w.(tl.t) %**,,+,+
+, aUOl,,•'lwl? K,,,(ttO) ,.'
.. •llnk•'/!llT W.-(I,0,O) .. '

-- 1.0 v ".'o• ,;. •;• .;• .;• ,;• .;• ,o;. ,•.o ,,;o ,.• ,•.• ,,,o.o
**Scottering Anglo e [degreel] •.

FiB. lb P'•

-•:•
38m• 88 rl&, 18 exoept, tot reduof, d • ,

Mu'llor "trtx "lement" P,2 i"!::

312

**o

i.,,,'.÷ '.,p:,,,•" " "" " " " ' "" ",•. .I" .," .("" . ,r ." .'..:.." -+..,'..¢ ... ,,..,,..,,•. ,.• .,,.+ .. ,(.,. ..,, • .,... ... ..- ..- .,,,'... .,'•..-.,...'+.,,,',...'..-,.." .. '+.." .. '-.'..,



P i l ... .... .... ...

Q4 
S O 0

0.20

0.0 0 -

-0.24

4 &4

-0.2

-0.0 1" 3A 46 *; 80 0 16 16 1U W N 4

-1.0 A. * Ue

Sctern Soo- v.e 0 [dgeea

1.0

0.S0

p *0
4 0

0~ 0o UO

4 O~U S7o." K.(t.14 *

04 14 30.0 4;50 60.0 U0.0 SOO C 160 120.0 136. 180.0 160.0 10;4

Scattering Angle 0 [degrees]

F'ig. 2b
same as Fig. la except tor' reduced 8pA

Mueller matrix elem6:,t P 34-

31.3

oe

- d .



O1.0

amal

0.I

-0.4,

OA "&1 30A., 45A., OU 7 " I;O16 & s s

Scottering Angle 0 (degrees] •

Fig. 3
Same as Fig. j a except. for reduced

Mueller matrix element, P22

S.

0.2*

3.

%%

I..

I':

Fo.g. 3

I.



EXTINCTION BY ROUGH PARTICLES

R.T. WAG
Space Astranomy Laboratory, Univ. of Florida, '

Gainesville, FL 32609

ABSTRACT
This paper presents microwave extinction measurement results of 1983-1984 for 10 analog rough part-

icles, their analysis and comparison with Mie theory predictions for equal-volume smooth spheres. Of
these 10 particles, 3 have existed in our inventory for 14 years, their extinction measurements by an
earlier technique having been reported as part of a larger body of data: L~.

J.M. Greenberg, R.T. Wang and L. Bangs, "Extinction by Rough Particles and the Use of Mis Theory,"
Nature, Phys. Sci., 230, 110 (1971).

R.T. Wang and J.M. Greenberg, "Scattering by Spheroidal and Rough Particles," NASA NSG 7353 Final
Report (Aug. 1978).

R.T. Wang, "Extinction Signatures of Non-spherical/Non-isotropic Particles," in "Proc., 1979 CSL
Scientific Conference on Obscuration and Aerosol Research," R. Kohl, ed., ARCSL-CR-81023, Army CSL,
Aberdeen, MD. p.111 (1980). .

R.T. Wang, "Extinction Signatures of Non/spherical/Non-isotropic Particles," in "Light Scattering
by Irregularly Shaped Particles," D.W. Schuerman, ed., Plenum, N.Y. p.255 (1980).

This paper is also an integral part in our long series of systematically investigating the effects
of particle shape, size, refractive index and orientation on obscuration of incident light. In addition
to the above papers, more detailed accounts of the measurement procedures are referred to in the papers
cited at the end of this article, and an extended analysis will also be submitted to Applied Optics for
publication.

INTRODUCTION

Analytical solutionsto the problem of light scattering by particulates whose size and surface rough-

ness are comparable to the wavelength A of incident radiation are exceedingly complex, and most analytical

research treats the case where X is small compared to a characteristic particle dimension [ see

Refs. 1, 2, 3, 5, 6 ]. On the other hand, such particles are abundant in nature and are indeed respons-

ible for the bulk of observed light obscuration/scattering phenomena. This is the principle reason for

our undertaking systematic studies using the microwave analog technique (11, 15]. In this paper we

report only the most recent extinction measurement resaults and their analysis and, where applicable,

comparison with our earlier results. Although extinction and angular distribution are mutually insepar-

able light scattering phenomena, quite different measurement procedures and interpretations of raw data

are required at present by microwave techniques. We describe the results of angular data in a separate

article in these proceedings. Despite our effort to write this paper in a self-contained form, frequent

referenccz tc our earlier papers were found to be necessary.

We investigated 10 rough particles consisting of 2 refractive index groups m -1.61-10.004 and

m -1.36- iO.005, resembling silicate and ice at optical wavelength@, respectively. Only two simple .

geometric shapes were considered in this investigation, i.e., particles with either a complete rotational

symmetry or a mirror symmetry with a 6-fold rotational axis (in the crystallographic sense), so as to

reduce the measurement time. In Sec. 3 data for each particle is presented in the uniform format of a '-.'

P,Q plot, which is a cartesian representation of the particle-orientation dependence of the complex
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eno scattering amplitude S(O) and which also shows the comprehensive, detailed light-obscuration
g 4.

* process as the particle rotates. In the same section, the volume-equivalent extinction efficiency aver-

. aged over random particle orientations, Qe - C /Tra is plotted versus the volum*-equivalent
Sextv ext v

phase-shift parameter Pv 4ra v(m'-")/ A and is compared to extinction curves for smooth spheres. av_

is the radius of a smooth sphere equal in volume to the rough particle. Analysis and discussion of the

observed extinction data are also included in this section, and a summary is given in Sec. 4.

EXPERIMEN4TAL AND THEORETICAL CONSIDERATIONS

On Target Preparation

A total of 10 rough particles with 2 shapes and 2 refractive index groups were prepared, with the

following considerations: (1) The overall shape would resemble a roughened sphere whose surface rough-

ness would be cumparable to the microwave wavelength X =3.1835 cm (2) The shape would have some sym-

metry, preferably axisymmeric. (3) Particle size would span the first major resonance and the maximum

linear dimension would be less than the acceptable portion of the beam wavefront; i.e., < 18 cm. (4) The

volume-equivalent (xv2,a v/X) and surface-area-equivalent (xs-27a aX) size Parameters of a particle must

be easily defineable. av and a are the radii of smooth spheres equal in volume and equal in surface-area

2to the rough particle, respectively. This gives the nonsphericiy parameter pn a(x I/x) v a para- i.

meter which not only gives the measure of deviation of particle from a smooth spherical shape, but i8

also useful in converting the volume-equivalent efficiencies to the surface-area-equivalent efficiencies

(especially for any convex particles), and vice versa. Examples are: Qextvn , Q PQ

and so on.

The actual target parameters are shown in Table I with corresponding coded particle identification

numbers. Each particle of the first shape is prepared by machining a 1:1 circular cylinder block so

that an annular section having depth and length equal to 1/4 of the cylinder diameter is removed from I
each end. A particle of the second shape is a stack of 7 equal-diameter cylinders, 6 of which have a

csa on length/diameter ratio of 2:1 and symmetrically surround a longer central cylinder which has the

ratio 3:1. The first target shape is perfectly axisymmetric so that we can considerably reduce the j
number of required measurements to assess the scattering quantities averaged over random particle

orientations [8, 12). Although the second target shape lacks complete axisymmetry, it nevertheless

possesses such symmetries as: (1) every 60 * rotatior about the center axis brings the particle to an -

equivalent position, (2) there exist 7 planes of mirror symmetry, one of which is perpendicular while

the rest are parallel to the cylinder axes. Analysis of the extinction as well as angular scatteiing

data suggest that it also closely approximates the desired complete axisymmetry. Two plastic materials
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were employed for the target medium. One is the plexiglas. material used in our former investigation

Ell] , with a refractive index m-1.61-iO.004 which is characteristic of silicate at visible wave- P. '0
I. *&

lengths. The other is a molded plastic from expandable polystyrene (8] . whose refractive index sell.36-

iO.005 resembles that of ice at visible wavelengths. Seven e it of these 10 rough particles are newly

fabricated, while the remaining 3 are from older target inventories (CIRCA 1970).

P.Q Plots. Symmetry Relations and Averaging Scattering Quantities

Presently, we standardize tho presentation of our extinction data in uniform formats. A PQ

plot is a cartesian representation of the omplex W0 scattering mplitude S(Xt) of a particle as a

function of its orientation angles (X,*). X is the angle between the bea direction k and the

particle axis. # is the azimuth angle of the particle axis around I as measured fromths I direction in

the plane containing the incident electric and magnetic fields 2 and H, i.e., the Z-H plane. Due to

the mathematical symmetry, the totality of scattering quantities of an arbitrarily oriented axisyetric

particle can be evaluated in a very ainple manner. The particle axis needs only to be swept through

900 from the k-direction in two mutually orthogonal planes, the k-2 plane (where 4-0) and the k-H

plane (where *- ) of the incident wave. We have shown that the 2x2 &.0 cclex scattering mpli-

tude matrix elements [7] for such an arbitrarily oriented axisymmetric particle can be represented

as (a, 12]:

SI(M)- SI(XO) coo 2 * + S (x,4w) sin22

2 2S (XQ0) - SI(X'O) sin + S(0") co 1)

S3 (x,*) - S 4(X,*) - ( S(x,½) - S (X,O) ) coe* sia. -.

From Eq. (1) the expressions for the perpendicular ( i 1 1 )' parallel ( t22 ) and cross-polarized 12

scattering intensity comonents, and their values averaged over random particle orientations (Il, 122

and 112) are found to be: /

1 51  - (,0)I coo 4 + IS 1(xs ½)Isin4 ".

+ 2[Re[SI(X 0)}Re)( S(',W)) + U Sl(X,O)},m[S (X',W)}]cos2 sin 2g

22 I s2 12 IS1(x,½w)I12 os%4 * + IS (x,0)1 2sin4 4 (2)

+2RefSI(x,O))ResS (X,½p)} + id" S(x,O) }Id S(x,hw))Jcoso* sin go

12 1 s 3 I1 I S4 I - 1S1(x,½) - S1 (xO)sicoe* sin 4,

and

1:. d" fi sinX dx f [ ISI(X,0)1 2 + ISl(X,15w)1 2 ] sinx dx

f .0.

R+ W fS.(X,O))Re{ 1 S(X,(1r)) + 1m[ S1 (xO)}IUj SI(x,½,r)} J sinx dx (3)

0
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122 . i11

2w I fit

112 J' d* g12 .x dx I SI(X,½w) - SI(X,O) 12 .inx dx
S0 -0 0"

The extinction cross section Cext (X,#) at particle orientation (X,#) is related to the 0-0 complex

scattering amplitude Sl(X,*) through the well-known Optical Theorem [7]:

C (X.*) Re (4). (X).
ext k2  ( 1(,)

The P and Q components of all P,Q plot in this paper are defined as

4 4
-(X,* - Tm{ S1(x.*) Q(X.*) - ý. Re [SI(x,,)} (5)

i.e., the Q coordinate gives the volume-equivalent extinction efficiency Qextv at the particle orients-

tion (X,#) while thte similrly calibrated P coordinate gives the phase shift *(X,*) of the .00 scattered

wave via the relation

#(X.*) - tan- [Q(x,*)/P(x,*)] (6)

The magnitude of the 8,0 scattering amplitude SI(X,#) can also be evaluated as
2 ~2 •

- 2 1 x 22 ]1 (5 1)

S(X,'*) - [lp + Q I Is (x, I - -y [ P 2 + Q..

Finally, the averaged volume-equivalent extinction efficiency Qext,v is evaluated from Eqs.(5) & (1) as
ii 2v ;Ifft~

Qe sinX d Q(l,*) do -4. [Q(x,O) + Q(x, ½w)) sinx dx (7)
Textv - To 1 40

Two numerical examples of such averaged efficiencies are shown in Figs. LB & 1C.

EXPERIMENTAL RESULTS, ANALYSIS AND DISCUSSIONS

All extinction measurement results are shown in Figs. lA-ID in uniform P,Q plot formats. Figs. 1A

and ID contain data for 4 particles, while Figs. 1B and IC contain one for each figure to avoid overlap-

ping of plotted curven. For each particle the Mie theory result for the smooth sphere possessing the

same volume and identical refractive index is also tabulated in Table II, along with the numerical

results for the averaged scattering intensity I11 and the volume-equivalent extinction efficiency Q

averaged over random particle orientations (See Eqs.(3) & (7)). The range of variation of the phase

shift #(X,#) of the 9-0 scattered wave as observed during the entire particle rotation is also tabulated

in Table II as A#, measured from its median value *. vie have resorted earlier that for randomly oriented

particles of moderately low refractive indices the volume-equivalent phase-shift parameter Pv-2x v(m'-l)

was one of the most dominart parameters in the extinction process (12,13,14]. This is again clearly seen

in Fig. 2 for the 10 rough particles in this investigation. We mention several remarkable features as

noted from the analysis of these experimental P,Q plots (Figs. IA-ID) and the comparison with Mie theory

predictions for smooth spheres of equal volume (Fig. 2 and Table II): (1) Compared to the P,Q plots for

nonspherical particles of simpler geometrical shapes such as spheroids, cylinders and disks [8, 11, 13]
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rough particles are much more complex in their particle-orientation dependence, and very few predictable

trends are apparent. Yet a closer examination shows that for a given refractive -.ndex the extent of

variation and the complexity of curves in P,Q space increase with increasing particle size. Also, the

median point in P,Q space, representing the mean of P,Q coordinates over all possible orientations of a

given rough particle, traces a clockwise spiral as the size or the parameter D increases, converging

toward a limiting point P-O, Q-2pn at p -. This is analogous to a trend exhibited by smooth spheres

(Ref. , p.264] and by oriented infinite cylinders [8]. (2) For most of the individual particles the

scattering intensity Ill and extinction efficiency Q averaged over random orientations are better

approximated by Hie theory for the corresponding equal-volume (same xv) spheres than for the equal-

surface-area (same xs) spheres (See Table II. Results for the same x5 are, however, not shown.). More

remarkably, Mie theory phase-shift using xv falls within the limits of the observed phase-shift A # A.

These facts clearly indicate that partiote volwue is one of thw dominat oontrolling pmnwetere in the

extinction process, and surface roughness enters as a second order perturbation parameter. (3) The

effect of surface roughness on extinction appears primarily in the part ic le-orientat ion 
dependence. The

larger the particle size and hence the more pronounced the surface roughness for the particle shapes in

this paper, the larger are the variations in iS I(X,4)I and *(X,*) during a particle's rotation - which

in turn lead to a larger variation in extinction efficiency. This suggests that in evaluating extinc-

tion averages over particle orientations. a larger number of orientations are needed for larger rough

particles than for smaller ones. For this reason the estimated exv values for the larger rough

particles ( p > 4.5 ) in our earlier nublications (4, 9, 10] could have been seriously overestimated

due to the rather small total number of orientations then available ( v.I0 orientations compared to our

present 37 orientations). (4) The extinction averaged over all random orientations for such a roughened

sphere-like particle is not very different from that for an equal volume smooth sphere with the same

refractive index. The extinction curve for such rough particles (Fig. 2) will nevertheless show a

-W slight damping in its resonance profile, resemblingthat for smooth spheres with a slightly increased

absorption part of the complex refractive index. Noti-e that both of the particle shapes are roughly

-I in aspect ratio; i.e., that of a sphere. Combined with our earlier findings (8, 9. 10. 12. 13, 14]

it is reasonable to conclude that pv and the aspect ratio are the two major controlling factors in an -.

extinction process for rwidomZl oriented nonspherioal particles.

SUMMARY

(1) The two most dominant parameters which cr trol the extinction for r'andomly oriented nonspherical

particles are the voluma-equivalent phase-shift parameter pv and the aspect ratio of the particle shape.

For the rough particles of this investigation whose overall aspect ratio does not differ significantly
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from that of spheres, the extinction averaged over random orientations is therefore closely aDproximated

by equal volum spheres with identical refractive index. (2) The effect of surface roughness on extinc-,'S"

tion shavs up mainly in the particle-orientation dependence. The larger the particle size and surface ."

roughness, the greater is the variation in extinction as the particle rotates. (3) Such orientation-

dependent variation can be considered as a perturbation caused by surface roughness ot, extinction by a

smooth sphere of equal volume, although no simple quantitative formulation is presently available.

(4) At least up to the 2nd major extinction peak in particle size, the extinction by randomly oriented

roughened spheres is closely approximated by that of equal volume spheres of the same refractive index.
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TABLE it COMTPA&ISOq DEITEN S 0 MCROWAV DATA F0R RAND014LY

ORIENrlD ROUGH PARTICLES AND MIE THEORY RESULTS FOR

RQUAL-VOLUME SPHERES.

Target Vol.-Equiv. Vol.-qtquiv. Complex Data Averaged Phase Averaged
Size Phase-uhift Refractive Source Scatt. Shift/ Vol.-Iquiv.

ID I Parmter Parameter Index Intensity Range Extinction
(Deg.) Efficiency

v +'-i" _xtv

154001 3.650 4.453 1.61- EXPT. 153.4 102.4t6.6 3.68
0O.004

HIE 187.09 91.2 4.106

155001 5.499 6.709 1.61- EXWT. 456.4 110.8,13.8 2.51
i0.004

0IE 382.99 110.0 2.433

157001 7.346 8.962 1.61- I(0T. 1155.6 88.2*11.2 2.49
0o.004

XII 974.31 83.7 2.300

159001 8.626 10.524 1.61- EX'T. 3104.0 97.0±19.0 2.89
i0.004

MIR 3332.4 86.8 3.098
.4".

143001 3.592 1.839 1.256- EXPT. 70.10 42.O04.5 1.78
to.003

HIE 69.305 30 3 1.5461

145001 5.184 4.023 1.388- EXIT. 697.9 83.5t6.0 3.90Co.oo5
0. I 713.36 80.9 3.925

020003 4.257 3.116 1.366- lIFT. 295.5 59.013.5 3.25
40.005

HIt 290.68 63.6 3.370

020002 6.069 4.454 1.367 EXPT. 1339.4 87.5±6.0 3.96
io.005

MlE 1236.1 89.0 3.818

020001 7.694 5.540 1.360- EXMT. 2925.5 105.5:±10.5 3.43
i0.005 •

MXI 2146.6 105.7 3.014

-p

020000 12.882 9.095 1.353- EXIT. 10129.2 96.4*27.2 2.34
i0.005

MIR 9385.1 79.4 2.195 g

/0
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ANGULAR SCATTERING BY ROUGH PARTICLES

R. T. Wang
Space Astronomy Laboratory, Univ. of Florida,

Gainesville, FL 32609

ABSTRACT

This paper presents the microwave atgular 3cattering measurement results of 1983-1984 for the 10
rough particles whose extinction-moasurement results and analysis have been reported in

R. T. Wang, Extinction by Rough Particles, in 'Proc., 1984 CRDC Scientific Conference on Obscure-
tion and Aerosol Research,' R. Kohl, ed., Army CRDC, Aberdeen, HD (this volume).

Data for oath randomly and preferentially oriented particles are shown in extensive but uniform form. .•
Comparisons are also made with Mi. theory results for smooth spheres possessing the same volume and re-
fractive index as the individual particles, and with Itie-theory results for spheres whose sizes are die- %
tributed according to a narrow gamms distribution (See Refs. 1. 2) around individual particle size. We
followed closely the procedures and formats employed in our previous investigations for other particle
shapes:

D. W. Schuerman, R. T. Wang, B. 1. S. Custafson and R. W. Schaefer, Systematic Studies of Light
Scattering. 1: Particle Shape, Appl. Opt. 20, 4039 (1981).

R. T. Wang and B. R. S. Gustafson, Angular Scattering and Polarization by Randomly Oriented Dumb-
bells and Chains of Spheres, in 2Proc., 1983 CAL Scientific Conference on Obscuration and Aero-
sol Research,' J. Farmer and R. Kohl, eds., RIK & A, Tullahoma, TN. pp 237-247 (Draft for
speaker's use only. Formal Proc. in press).

Kie-theory analysis for sitze-.distributed spheres is an extension of the author's previous similar work
in extinction:

R. T. Wang, Similarities and Differences between Light-wave and Scalar-wave Extinctions by Spheres,
in 'Proc., 1982 C5S. Scientific Conferencc on Obacuration and Aerosol Research,' R. Kohl, ad.,
ARCSL-SP-83011 pp. 187-200, Army CSL, Aberdeen, MD (1983).

Strikingly similar angular scattering patterns between a randomly oriented cube [Refs. 11, 12) and a
similarly sized, randomly oriented rough particle are also presented. This paper is another step in our
continuing endeavour to systematically understand and characterize tne scattering by irregular particles;
the summarized findings or the extended analysis will also be submitted to Applied Optics for publica-
tion.

INTRODUCTION

This article reports our first microwave measurements on the detailed angular distribution of light

scattered by single rough particles of precisely known eise, e•iface roughness, ,efrcaotiive index and

o'rintation in the beam. This type of measurement is presently possible only through the use of the

microwave analog technique [4, 10] because of its exceptional capability for accurately controlling the

above important scattering parameters. In addition, the employment of the microwave-unique compensation

technique allows us to discriminate the true scattered wave against the unwanted, yet large coherent

background, even in the beam direction. As was described in a separate article of this volume (91, we

focus our investigation here only on those particles which can be considered as roughened epheres; i.e.,

whose overall aspect ratio is not significantly different from 1:1, thereby allowing us to compare the

results with those for smooth spheres of equal volume.
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The following section, Sec. 2, briefly describes the definitions, symbols and notation for the

scattering quantities displayed in this article; it also gives short accounts on experimental procedures

and on averaging scattering quantities over random particle orientations or over size-distributed

spheres. This is followed by Sec. 3 where the scattering data are displayed, comparisons are made

with Mie theory for the equal-volume spheres and with size-distributed spheres and/or a cube [11],

and where the related analysis and discussions are included. This article then concludes with the

summary of findings.

EXPERIMENTAL AND THEORETICAL CONSIDERATIONS P

Particle Shape and Measurement Procedures

Preparetion of targets in this investigation has been explained in the preceding article (9] and -

we duplicate here its Table I showing the deta4led parameters for each particle. Of these 10 rough par-

ticles, 6 are axisymmetric in shape. To assess the scattering from these earticlee

averaged over random orientation, one needs hy vlrtue of mathematical symmetry, at each scattering .

angle e, only to measure the scattering at those particle orientations (33 in total) where the

particle-axis directions are uniformly distributed in an octant of space boumded by the bisectrix

plane. Although the re Lning 4 particles lack such complete axisymmetry, they do closely approx-

imate this partly due to the fact that there exist 7 planes of mirror symmetry in their shape,

and we employed the same procedures iF orienting the particles in the beam for both particle shapes.

The measurement procedures are the same as in our previous investigations [4, 8). We mesoure 3

polarization components of the scattered intensity at each scattering angle e. These components are:

•II' where both the beam and the reception antennas are polarized verticaly(i.e., perpendicular to the

scattering plane); 12 2 ' where both are horizontal; and 1 1 2 ' where the beem polarization is vertical and

the reception polarization horizontal. At each of these polarization settings, the target is varied

through 44 preselected orientations with respect to the beam, of which 35 are used in computing the mean

intensity averaged over random orientations while the remaining 9 are the preferential orientations for

convenience in theoretical/calibrational purposes. Immdiately after attaining each of these 44 orien-

tations, the target-orientation mechanism is halted to record the detected signal onto a computer dise-

ette before proceeding to the next orientation. The random orientation averages of iI, i22 and 1

over the 35 orientations, denoted in this paper by I I a nd I respectively, are also computed dur-

ing the actual run along with their standard deviations. At 0-0, the averaged intensities Iii, 122

("II1) and I are derived from the extinction measurements [Eqs. (3), Ref. 9].
The absolute magnitudes of 12, 122 and 112 (also and i 2 2 ), f which all the results are plot-

ted, are calibrated by standard targets of known scattering intensity. For example, Iill 122, I11 and

are calibrated by a standard sphere of x-5.001, m-1.629-iO.0125, 11 1 (50 0 ) tle31.27 and•22 1 i
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1 2 2 (50 °)Mie= 2 4 . 3 6 , run shortly before and after a series of runs in 100 - e (50) - 1700 for each rough

particle with fixed beam/receiver polarizations. Similarly, the cross-polarized component 1I is cali-

brated by a standard spheroid of x=..5.807, m-1.61-i0.004, I12(12 0 3)theoretical=3.0897. For the measure-

aent of I12 a coarser angular interval 200 < 0 (200) 0 1700 was employed, due to the generally lower-
12.

level signals of 112 compared to I and 122 (1-3 orders of magnitude lower, even near their peaks at

100 %, e 1 1400). Moderately small,rouglh particles have rather smooth variations of 111 and 122 over

the entire angular range. In such cases a coarser interval of 100 was taken for the measurements, espe-

0 0 0cially when G 1 70 . The missing I1, 122 and 112 data at the omitted angles, such as e -5o, 75 1 etc.,

were filled in by a 3rd order Aitken-Lagrange polynomial interpolation technique [5]. In all cases, I1,

I and I are the simple arithmetic means of i 1 1 , i 2 2 and i 1 2 , respectively, over the 35 particle

orientations.

Scatterina by Size-Distributed Spheres

In most situations, the scattering particles are distributed in size. The resulting scattering

pattern by such a pol'disperse system of particulates is simply an integrated pattern of all single-

particle contributions from individual particulates, as long as they are mutually well separated and

hence scatter independently of each other. The evaluation of such a cumulative pattern is further based

..i a number of simplifying assumptions such as: (1) All ocatterers are spherical in shape. (2) The re-

fractive indexes of all particles are the same. (3) The particle size follows a certain law of distrib-

ution; e.g., the power law, the log-normal, the bimodal, the ganmma distribution, etc E1, 2, 3]. In a

previous paper [7) we reported that the use of a gama distribution El, 2) of sphere sizes to replace a

single-size sphere resulted in the smoothing out of ripples in extinction curves for smooth spheres.

The observed smoothing out of phase functions for rough particles has motivated us to extend the same

size-distribution analysis for the present work.

In terms of the size parameter x-2*/•X of each constituent sphere the standard size distribution

(or simply the gaa distribution) of Hansati and Travis [2) is

n(x) - const x (1-3b)Ib exp [ -x/(xvb) (1)

where b is the effeotive vwtanw. of the distribution, a measure of spread of the particle number den-

sity n(x) around the effeotiv e sie pacrmter xv-2ffav/I, the volume-equivalent size parameter of the

rough particle. a is the radius of the sphere equal in volume to the rough particle. For this inves-
v

tigation the observed phase functions of rough particles were found rather-well approximated by those

for size-distributed spheres with a very narrow spread in size; i.e., with b-0.005. The expiicit cx-

pressions for I and 122I averaged over the distribution are
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/ 111(x,u,e) n(x) dx(

Il l( X ' m ,I 1 2, f n ( x ) d x

1 (xIm ED22 (x,•,) n(x) dX 
•

122(xm e X/2 n(x) dx

To avoid exponential overflows/underflows of integrands in Eqs. (2) during numerical evaluation, a

conatant multiplication factor was Incorporated into both numerators and denominators, i.e.,

f2 exp [ (1/b-3) Ln r - xI(x b) - (1/b-3) Lnx - l/b } J dx

x 2

x2 (2)

1222 exp (1/b-3) Ln x - x/(xvb) -((l/b-3) Ln xv - 1b )dx
122 " x2

exp (1/b-3) Ln x - x/(xb) - (I/b-3) Ln xv - 1/b I I dx

From Eqs. (2)' the total brightness IN (the l element of the Mueller scattering matrix) and the degree

of linear polarization P (-S-S 12 /S 1 P), averaged over the size distribution, are derived as

1 1 Ill + 2) / 2 2 (3) ,.

P1(1 122) / (11 +122 .

Sphere angular functions 1 1 (x,m,O) and i 2 2 (x,m,e ) were computed by Mie theory. The numerical integra-

tions in Eqs. (2)' were then performed over 60 equally spaced x intervals by Simpson's rule, taking

X X -O. 6 xv and x2-. Sx for the integration limits. At these limits the number densities n(x 1 ) and n(x 2 )

are both 4 orders of magnitude smaller than n(x ), the number density at the effective size xuxv.

EXPERIMENTAL RESULTS, ANALYSIS AND DISCUSSIONS

Extensive graphical displays of the measured angular distribution data are presented in this sec-

tion, employing the same formats as in our previous investigatior, for sphere chains [8]. Except for a

set of data for a randomly nriented cube[from Refs. 11, 12), all data are shovn in the sequence given in

Table I for each of the 10 rough particles investigated. A total of 40 figures, Figs. IA-IOD inclusive,

show the angular data for ri~domly oriented rough particles, four figures for each particle. ror exams-

ple, FISs. 1A to IC respectively show in semilog form the ecattering intensities Ill, 1 22, 112 and

+I" l÷122+2112)/2, versus scattering angle 0. All 0 'a are in the common range 00 < 8 < 1700
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with the e -0° date being derived from the extinction measurements (9]. Each of these 40 figures con-

tains a continuous theoretical curve representing the Mie theory result for the sphere equal in volume

and refractive Index to the rough particle. These 40 figures are followed by similarly sequenced addi-

tional 40 figures, Figs. I1A-20D, which are identical to the corresponding figures in Figs. IA-OD

except that the theoretical curve in each figure is for the size-distributed spheres explained in the X

preceding section. These 80 figures are then followed by 20 more figures, Figs. 21A-30B, for prefews-

tialt oriented particles, again in the same sequence as in Table I. Only two figures are shown for

each particle - i versus 0 and i versus a- in each of which 3 scattering intensities recorded at
11 22

each of the 3 upecial orientations are plotted. These 3 special orientations were selected out of 9

recorded preferential orientations so that the particle axis is either parallel to t or I or I vectors

of the incident wave. The figure presentation concludes with angular data for a randomly oriented cube

provided by R. Zerull [12]. His results are presented here in Figs. 31A-31D and Figs. 32A-32D in the

same format. This particular cube has nearly the same x V and refractive index as one of our rough

particles (#154001) and was found to have remarkably similar scattering signatures to the latter (Cf.

Figs. IA-ID against Figs. 31A-31D; and Figs. 1IA-l1D against Figs. 32A-32D).

On Angular Distribution of Scattering from Randomly Oriented Particles

Examinations of these phase functions by randomZy or-ionted particles and comparisons with those

by single equal-volume spheres (Figs. IA-lOD, Figs. 31A-31D) and with those by gamma-size-distributed

spheres (Figs. IIA-20D, Figs. 32A-32D) lead to the following interesting features: (1) Angular distri-

bution of scattered light appears to be best discussed separately in 3 angular regions of scattering

angle e : the forward scattering region which contains the first and second scattering lobes; the back-

scattering region which is roughly 0 z 1400; and the middle scattering region where 0 lies between the

above two regions. The boundary between the forward and middle scattering regions is primarily depen-

dent on the particle size. (2) In the forward scattering region the absolute magnitudes of all phase

function components, 1 and I22 and hence I , are surprisingly well predicted by Mis theory for the

smooth sphere possessing the same volume and refractive index as the individual particle. The smaller

the particle size, the better is this agreement (Figs. IA-iD; Figs. 5A-5D; Figs. 7A-7D). (3) The first S.

forward scattering lobe is of particular interest for all rough particles. In general it peaks at e -0

and troughs rather steeply at an angle which depends on the particle size. Mie theory for the single

equivalent-volume sphere predicts a deeper trough and the size-distributed theory a shallower one than.

the observed data; but for larger rough particles (0159001 & #020000) the widths of the lobes are notice-

ably narrower than the Mie curves (Figs. 4A-4C; Figs. IOA-10C; also Figs. 14A-14C; Figs. 20A-20C). This

suggests that the apparent size of such a large particle may appear larger than the equal-volume-sphere "'

size if one judges the particle size from the forward-scatter lobe alone. (4) Passing on to the middle
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scattering angle region, we observe that as long as the particle size is moderately small so that

P J. 5.5, Kie theory results continue to agree well with the observed angular scattering, especially

when the sise-distributed-spheres theory with small variance b-0.005 was employed. Large oscillations

in angular distribution characteristic of smooth spheres are, however, markedly damped for these rough

particles and the Mi. theory for single volume-equivalent spheres fails to account for the smearing out

of the profile - especially near the troughs. We note, however, that the choice of other values for

the effective variance, b-O.01 and b-0.05 for example, resulted In over-smearing of the angular distri-"%

bution profiles. (5) When the particle size becomes larger ( p v k 5.5 ), marked differences between

observation and theory are obvious by inspection of these figures. In addition to the absence of large

oscillations in angular profile which is characteristic for smooth spheres, the angular positions and

magnitudes of peaks/troughs of scattering lobes are not well correlated to the theoretical predictions.

Nevertheless, there exist a number of peaks/troughs, which are indicative of the particle bizp and whose

amplitudes of oscillation are less prominent than spheres but are more pr.- anced than many of those we

have investigated so far (4]. In general, more oscillations in scr .... %4; lobes are observable in I£1

component than in 122 component (Figs. 2A-2C; Figs. 3A-3C; Figs. 4A-4C; Figs. 5A-5C; Figs. IOA-IOC).

(6) Also in the middle scattering angles, all intensity components I11, 122 and IN are in general larger

than those corresponding Mie theory results for the larger particles; the I intensity components be-

Ing the most significantly different (Figs. 3A-3C; Figs. 4A-4C; Figs. 9A-9C; Figs. 10A-1OC; Also Figs.

13A-13C; Figs. 14A-14C; Figs. 19A-19C; Figs. 20A-20C). (7) Significant departures of thc observed scat-

tering from the theoretical results occur mainly in backscattering angles, large and small rough parti-

cles alike. Except for a few exceptional cases (Figs. 15A-15C), sphere-theoretical results increasingly

0.
overestimate the backscatter intensities as one goes toward e -180 . The onset backscatter angle of

the above departure Is not clearly definable, however. It appears to be easiest to estimate this onset

angle by inspecting the IN (the 1,1 element of the Mueller scattering matrix) versus a plot and compar-

Ing with the i.ze-diet•,ibuted-spheres We theory resuZt.. For example, inspection of Fig. 1iC for the '

0particle #154001 gives the onset angle e =135 with backscatter intensity reduction of about a factor 2

at 80-170 ; while a similar examination of Fig. L4C for the particle 0159001 gives e = 150 with the

reduction factor u5 at e -170°. These two particles are the smallest and the largest of the first

shape rough particles (See Table I) which possess the silicate-like refractive index m-1.61-iO.004.

On the other hand, studies of Figs. 17C and 20C for the smallest and largest of the second shape rough

particles (ice-like refractive index ma1.36-i0.005) show that the onset angles and the backscatter

reduction factors are rtspectively ( 1200, 1.5 ) and ( 1200, 2 ). Thus, it suggests that the hackscat-

ter profiles are considerably affected by both the shape and the refractive index of a particle.

(8) Agreement between the Me theory prediction and the observed degree of Linear poZarization is good
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only for the 4 smallest rough particles where Pv C4.45 (0143001, #145001. #020003 and #154001; see Figs.

5D & 15D; Figs. 6D 6 16D; Figs. 7D & 17D; Figs. ID & lID). For the larger-sized particles the polariza- %

tion is unpredictable but it appears the polarization is much more reduced in magnitude than the Hie

theory results, and is in general within t502. (9) The a2'ose-poZaried comonenzt of scattering inten-

sity averaged over random-particle orientations, I12, is in general 1-3 orders of magnitude smaller th..

the corresponding I11 and 122 at all scattering angles. For example, the absolute magnitude of 112

itself was found in many cases so small that it was comparable to that of the uncompensated background

signal. Unless I12 is greater than -0.2, it can thus be neglected in comparison to I and 122 in com-

puting the total brightness I and the degree of linear polarization. Nevertheless, we kept all I2

terms in our actual evaluation. (10) Figs. 31A-31D show the angular distribution date for a randomly

oliented cube whose target parameters are very close to those of our rough particle #154001 (See also

Table I and Figs. IA-iD). The name cube data as compared to the Mie theory results for gamma-size-

distributed spheres are shown in Figs. 32A-32D, to be compared to the similar set of figures, Figs.11A-

lID, for the above rough particle. The cube data were obtained using an 8 nm microwave aaalog facility

in Ruhr Univ,, Bochum, FRG by R. Zerull who also provided the numerical results in his publication [11,

12], from which we could present them in our format. Aside from several differences from ours (such as

their data for O< 15 were absent and the scattering intensities at &30 0 were markedly smaller than

those of the equal-volue sphere) the rough particle and cube data are remarkably similar in angular

signatures. These similarities suggest that for enuZZ rawndoZy ori.nted irzreguzr pazrticles hoa ove,o-

aZZ aspot ratio ie oZose to that of a sphere, the angular distribution can be fairly accurately pre- p..-

Jicted by Mie theory for the equal-volume sphere with the same index of refraction.

On Angular Distribution of Scattering for Preferentially Oriented Particles

Figs. 21A-30B, a total of 20 figures, are the angular data for preferentially oriented rough parti-

cles, in which A is for the i intensity component where both the beam and receiver polarizations are

perpendicular to the horizontal scattering plane, and B is for the momponent where both polarize-

tions are parallel to the horizontal scattering plane. Only 3 special particle orientations are se-

lected in this paper to avoid overcrowding. These 3 are distinguished by simbols M, + and x to denote

respectively the rough-particle orientations wheL the particle axis is parallel to the incident beam

direction k, parallel to the incident electric field A, and parallel to the incident magnetic field

(for the latter t.o the particle axis is perpendicular to t). Unlike the previous cases where the scat-

terings are averaged over the random orientations, far lese outstanding features are obvious by exami-

nation of these figures for oriented particles. Nevertheless, there are several notable signatures

characteristic of the particle shape: (1) Fixing our attention only on one special orientation, say E,

the angular distribution profile consists of distinct lobes with respect to the variation in scattering
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angle 6 1 and the larger the particle size the greater the number of lobes along with larger variations

in the amplitudes of the lobes. (2) The angular positions of the peaks and troughs of these lobes can

be roughly eatimated from Mie theory for the equal-volume sphere at forward scattering angles (95000 ),

but this correlation becomes progressively poorer at higher scattering angles. (3) The difference in

absolute magnitude of scattering between any 2 of the 3 special orientations is smaller at small scat-

tering angles but is more pronounced at higher es. Similar features were also observed for spheres

with suspected non-homogeneous target material [6]. Up to -2 orders of magnitude difference between 2

different orientations were noticeable from these figures. Although not shown, variations of up to -3

orders of magnitude were frequently observed during many series of orientation changes for these rough

particles, especially when the particle size was large and when observed at high scattering angles.
.7

This leads us to believe the angular scattering by a rough particle is very oremntation sensitive,

particularly at large scattering angles. Thus, in a scattering chamber using visible wavelengths, a

a rotating irregular particulate would manifest itself by the "twinkling" of scattered light.

SUtM4ARY

(1) Particle volume is one of the most dominant parameters which characterizes the angular scattering

by zrad4Zy oriented, roughened-sphere-like particles.

(2) For such a small rough particle whose volume-equivalent phase-shift parameter pv is less than about

5.5, a rather good approximation to the observed angular distribution and polarization of scattered

light can be made by use of Mie theor'/ for spheres whose sizes follow the gamna distribution around

the effective size x (the volume-equivalent size parameter of the rough particle) and with an effec-

tive variance b=O.005 for the distribution, all spheres having the same refractive index as that of

the rough particle. The approximation is, however, not applicable to the backscatter region where

no theory is presently available to explain the reduced backscatter intensity in comparison to the

smooth-sphere models.

(3) For a larger randomly oriented rough particle ( t •5.5 ) the effects of surface roughness appear

primarily in the middle and backscattering angles, in that a rough particle scatters more light in

the middle-scattering-angle region, and less in the backscatter region, compared to the equivalent

sphere or to the equivalent ensemble of ga~m-size-distributed spheres. In the forward scatter

region up to the second major scattering lobe, the afore-mentioned size-distributed-spheres Hie

theory continues to be a good approximation, but it tends to underestimate the depth of the first

trough and slightly overestimate the angular width of the first major lobe.

(4) Scattering by a rough particle is extremely particle-orientation sensitive in the middle and back-

scattering angles. For each of the 3 selected principal orientations In thio report, however, the

angular scattering profile consists of distinct lobes, the angular positions of the peaks/troughs
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in the forward and middle scattering region can be fairly veil predicted by Mie theory for the

smooth sphere having the sema volume and refractive index as the rough particle.

(5) Analysis of the data is still in progress. When combined with the extinction data also reported

in this volume, it may render additional crucial information concerning the scattering, absorption O

and radiation pressure efficiencies, the single-scattering albedo and the assymmetry factor for

each of these rough particles.
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SCATTERING AMD DEPOLARIZATION BY CONDUCTING CYLI•DERS
WITH VERY ROUGH SURFACES

Ezekiel Behar
and

Hary Ann Fitzwater
Electrical Engineering Department
University of Nebraska--Lincoln

Lincoln, NE 68588-0511

ABSTRACT

Like-and cross-polarized scattering cross sections are determined at optical frequencies for

conducting cylinders with very rough surfaces. Both normal and oblique incidence with respect to the

cylinder axis are considered. The full-wave approach is used to account for both the specular point

scattering and the diffuse scattering. For the roughness scales considered, the scattering cross

sections differ significantly from those derived for smooth conducting cylinders. Several illustrative

examples are presented.

1. introduction

The problem of electroMagner4c scattering by finitely conducting circular cylinders or spheres

has been dealt with extensively in the technical literature. Perturbation theory has been used to

extend these results to scattering by slightly rough circulir cylinders or spheres (Barrick 1970).

2 2
However, perturbation theory Is limited to surfaces for whi.:h the roughness parameter 4 - 4k2<h > <0.1

2
(k is the electromagnetic Vavenumber and <h > is tha man •quare height ot the rough surface, Brown

0(5

1978). For $ < 0.1 the scattering cross sections are not significantly different from those for

smooth c-nducting circular cylinders.

In this work the full-wave approach is used to determine the like-and cross-polarized scattering

cross sections at optical frequency for finitely conducting cylinders with roughness scales that

significantly modify the scattering cross sections. The radii of curvature of the unperturbed cylindws

r considered are large compared to wavelength X. (However, the cross section of the unperturbed

cylinder need not be circular). Both specular po4 .r.t scattering and diffuse scattering are accounted

for in the analysis in a self consistent manner and the cross sections are expressed as a weighted sum

of two cross sections.

In Section 2 the special forms of full-wave solutions are presented for long cylinders with

mean circular cross sections and both the specular point and diffuse contributions are Identified.

In Section 3 several illustrative examples are considered for cylinders with roughness paraneter

S- 1. The rough surface is characterized by its surface-height spectral-density function. The

results are compared with solutions based on the perturbation approach.
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2. Formulation of the Problem

The scattered radiation fields for two dimensionally rough surfaces can be expressed in matrix

.. form as follows (Bahar 1981)"

rilf ~j D'~ 1: M1 9- ] dS (2.1)

' in which -- f and C are the vertically and horizontally polarized (electric or magnetic) fields

scattered at a distance r in the direction of the unit vector nf. Similarly GVC and C are the

vertically and horizontally polarized fields incident (at the origin) In the direction of the unit

vecuor n The scatteri.g matrix D is given by

D - Cin Tf 7 T/ (2.2)
0

fin which the transformation matrices T and T relate the scattered and incident waves in the local

planes of scatter and incidence to reference planes of scatter and incidence while ? is the scattering

matrix defined in the local planes of incidence and scatter. The coefficient C is

Go - -ikez 0 (-iL cr)/2rr (2.3)

the vector is of o
f-i 14+ v i + v i (2.4)

and -in ... ni. (2.5)
0

where i is the unit vector normal to the rough surface S. The position vector to a point on the rough

surface is r and for a reference cross sectional area in the xz plane

dS - dx dz /(noa ) (2.6)
* y

The expression (2.1) is invariant to coordinate transformations. For very (infinitely) long cylinders

the surface integral (2.1) can be reduced to a line integral by noting that

Jexp(iv z)dz - 2n6(v) (2.7)

On evaluating the expressions for the radiation (far) fields from the expressions for their

transforms (using the steepest descent method, Beaar and Rajan (1979) it can be shown that

G Gl DOi axpci9"(x i+ y ay))dx!(iiy) (2.8)

in which

G , o exp(i//4 )exp Lk (p come 4z sinOl (2.9)12110 c0)i]

and for oblique incidence (with respect to the z axis) the direction of the incident plane wave is

n * cos8ea• + sinOe a (2.10) jkV

0y 0 z ' •
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The direction of the scattered wave is (Babar 1981)

ii*sine 0 coeo a1+ come Ia + sineO sin# f

(where the polar an•le Is measured with respect to the y axis, se Figs. 1 and 2). In view of (2.7)
sine $10 a sine (2.12)

Thus (2.11) can also be expressed as _

f - coseo(.*, 1; + coo'; ).+ si a, (2.13)

where the salmuth angle 0' is measured in the xy plane with #* - 0 on the y axis (see Pigs. I and 2).

The explicit expresslon for the scattering coefficients D (2.2) have been presented earlier when the

reference incident plane is normal to -1X a and the reference scatter plane Ise normal to ifx ;ay .

However, if the plane of Incidence (and scatter) is taken to be the plane normal to ;i and ;a (the

normal to the cylinder at the specular point) (Derrick 1970),in thee. expressions for Tf and T the

unit vector y must he replaced by the unit vector

;/v - sIn(* /2); + cos(#'/2); "

sine CoW; + (cos.o + cos81 )a
-- 0 0 01 X . (2.14)

[2 cosOI°(cos€e I + coveof)11-
a 0+ 0oe

The :normalized scattering cross sections (or scattering width) are for P,Q - V.-

9%PQ* 0xpcivx (X-x')+ IV (y-y')(kO IvlyY) dx dx"'2.5
21T€coso J l('y -

where the radius vector to the surface of the cylinder is

; MN ;+ I + (2.16)a (&+he);r " (a+be)

2+ 2sand a - (.. y )"is the radius of the unperturbed cylinder. The characteristic function X and the

joint characteristic function X2 for the randomrough-surface height h, are

x - <exp(iv ha)> (2.17)

where

v - 2k cos(#'/2) (2.18)

and
X- <exp[iv(h -h'))> . (2.19)

For Gaussian distributions

Ix12 - -pC- co.2(0'12)] (2.20)

- Ix1 2 axp(v2<heh;>) (2.21)
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vhere
B 4- k 2<h 2 > (2.22)

084

and the surface-height autocorrelation function <hh'> is the Fourier transform of the surface height

spectral density function W

" - 1 J<h h> exp(ikT)dT . (2.23)

In (2.23) <h h'> is assumed to be a function of the distance measured along the cylinder's circumference. °%

The normalized scattering cross section (2.15) is expressed as a weighted sum of two cross sections

(Bahar 1981, Bahar and Barrick 19e2)

< Cq >.IXl2< JQ > + < CQ >R (2.24)

The first term in (2.24) is the physical optics contribution < o. > modified by the coefficient×l2. L.:

It can be shown (using the steepest descent method) that for a conducting cirtular cilinder

< PQ > k 0xa x 2 n Ly

Iracoseo - e(iV x + iv.y) dx o. (2.25)
-a (n.a) y 0 y -.- 6.

When the plane of incidence is taken to the normal to n x sa

<o0OPQ > - cos(O /2)l Rý,[ Q (2.26)
in which R is the Fresnel reflection coefficient and 6 is the Kronicker delta.

PQ

Due to the surface roughness the contribution due to specular scattering is decreased by the

factor lIx2 (2.20). The surface roughness also gives rise to the diffuse scattering term
PQ >- <PQ<°P3 >R <°P >

R Rm

L-.J

2k vr/2 2(2.27)

"-1 co2° DPQ 2 (fni' ) . exp(v. <h2 _n m d)2 d
o -r//2 I

where

S L <h h'>O txp(iK-r)dT (2.28)

2 mn 2 -. -

in which vn and vT are the components of V (2.7) normal and tangential to the surface of the unperturbed

circular cylinder and P2 (n , nI[) is the shadow function (Bahar and Barrick 1982).

3. Illustrative Examples

Assuming that the random rough (homogeneous and isotropic) surface height autocorrelation function

<hh'> is a functiot of distance measured around the circumference of the unperturbed cylinder, we

consider in the following examples the surface-height spectral density function W(k) (2.23) given by

(Rice 1951)
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23 (k-kd)'.

WWk - 28 (k-kd)2 24 kd < k < kc (3.1)•
1TrCk-kd) 2 K24

where

kd - 2/a kc - 4 k (3.2)

and W(k) peaks for k-6d K - 0.3kd. The electromagnetic wavelength is

X0o a I0 Jim (3.3) [

and the corresponding relative (complex) dielectric coefficient for alumiwn is

cr - -6000( + i) (3.4)

(where an exp(iwt) time dependence for the fields is assumed). The radius of the unperturbed cylinder is

e-2.5 A (3.5) -

The shadow function is a product of the unit step functions u

P2(af,; i) - u(7f.n) u(_i.n-). (3.6)

The constant B in (3.1) is determined by the surface roughness parameter

S- 4k2< h0 5

In . - s' 3, 4 and 5 <oW> <^im> and <ORV > - <CVO> are plotted for e- 300 as functions of *'O

for cylinders with smooth (unperturbed) surfaces ,(+) and random rough surfaces,(M). The incident and

scatter planes are normal to -n .a and nf.a respectively. Note that for finitely conducting smooth

cylinders <GVJ> and <^> vre very small for *' - i/2, and for I' -0 these normalized cross sections are

near unity. For the corresponding rough cylinder, the cross sections do not display the sharp minima and "5-_
67

sear normal incidence they are significantly less than unity. The cross-polarized cross sections p.-

<CV0> - 0HV> are significantly different near tiormal incidence. For the smooth cylinder <oVR> vanishes

for 0' - 0. while it is about -5db for the rough cylinder. Thus as the surface roughness increases all

three plots of the cross sections tend to flatten out (as functions of 0') except near grazing

angles 0' - n where the cross sections for the smooth and rough surfaces merge.

In conclusion, therefore, even a surface roughness corresponding to 8- 4k2 <h2 > 1 cannot be

ignored since it has the effect of making the scattered fields more isotropic and unpolar.sed. Using a

perturbation approach to solve the problem one is restricted to values of S< 0.1 (Brown 1978). In this

perturbation diffuse scattering term can be shown to correspond to the first term <oFQ> n the

PQ
expression for <0 >)r.In this case,however, the effects of surface roughness arepractically insignificant.
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ANCULAR SCATTERING DISTRIBUTIONS
BY LONG COPPER AND BRASS CYLINDERS - EXPERIMENT AND THEORY

A. COHEN*, L.D. COHEN, AND R. HARACZ
Drexel University

Department of Physics and Atmspheric Science
Philadelphia, PA 19104

and

V. TOMASELLI, J. COLOSI AND K.D. MOELLEpt-
Pairleigh Dickinson University

Teaneck, N.J. 07666

ABSTRACT

Experimental measurements of electromagnetic radiation scattered by long copper and brass cylinders

wet2 performed in the IR spectral range (X - 10.6 Vm). The cylinders were oriented essentially normal

attering plane. The results of the measurements were compared with the theory for infinite

linders modified for relatively large refractive indices. The good agreement is presented and

I 'ad.

INTRODUCTION '1.

The scattering by infinitely long cylinders is characterized by its two dimensional angular scatter-

ring surface forming an envelope of a cone. The opening angle of the cone * is related to the tilting

S@ , and the scattering surface reduces to a plane when the incident light is perpendicular to

tne cylihder axis. Experimental scattering measurements involving long cylinders thus become very

sensitive to the orientation angle of the cylinder axis relative to a measuring plane, the last being

determined oy tne rotation axis the detector.

In the visible range angular scattering measurements for long dielectric fibers have been reported2 ' 3

which show good agreement between the polarization ratio and the theory. The polarization ratio measure-

ments permit inaccuracies in the alignment of the fibers since the same reduction in the light intensity .,.

is expected in both polarizations (11 and 12).

On the other hand long tilted cylinders have different scattering patterns for each tilting angle

and, therefore, comparisons between experiments and theoretical predictions should take the tilting angle

into account. For such measurements, an accurate experimental setup is required to allow the comparison

between relative scattering intensities and the theory.

* *On leave from the Hebrew University, Department of Atmospheric Sciences, Jerusalem, Israel -
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below ws press" the experimental curves of Go2 laser radiation scattered by a carefully oriented

copper cylinder, and a bress cylinder the orientation of which was slightly different.

Since the materials discussed have very large real and imaginary parts of refractive indices, the

scattering theory has been modified to include large refractive indices.

The agroment between the theory for infinite cylinders and real metallic particlas suggest that
in the IR the theory can #errs as an accurate predictor to the scattering properties of materials with.."'-

long cylindrical shape. In particular, this result is shown to be applicable for materials of large

refractive indices for which the basic assumptions of the approximated thq -4.es for finite cylinders

are not satisfied.

THEORETICAL CALCULATIONS OF EM SCATTERING BY LONG
CYLINDERS OF LARGE INDICES OF REFRACTION

The far-field scattering of infinite tilted cylinders is given by 5 ' 1 ' 6

Ill u (2/(kIrr)] lbe 1 + 2n•3bn cos(nb)12 (1)

112 - 21 [2/(kor)J12 1 • 5n sin(ne)j 2  (2)

and

12 * 2/ (k Yrr)11 0 ,, + 2 a nI cos(ne)12  (3)

The first index In I refers to the polarization of the incidence light relative to the incident plane,

and the second - the polarization of the scattered light relative to the scattering plane. For detailed

definitions of the incident and the scattering planes, and the expressions for an arbitrary incident

polarization,see ref.6. The angle e is the scattering angle, and b can be reduced to:

Snli

2AJ (a) + (BJ'(o) - m Ci (c)][- BH'(l) - CH (a)]
bnI n n ()AH (a,) + [BH; (c,) - m CHnC(a)] [- BHnl(a) CU (ot)] 2.P•

where
(nt/a) 2 2 2 - 2H 2(8) ; B 2 L12Jn(8) ; C2 £2 jj'(8)

A U/C)h (a-1) HUW () B L jn(a)JC Li

J (a) and H (a) are the Bessel and Hankel functions of order n; ac 2Ir is the "tilted" size
n n

parameter (a is the cylinder radius, X the incident wavelength and 0 is the tilting angle); m is the

complex refractive index; h - sit4 ; Z - cos• ; j - (n 2 
- sin2 ) 1 / 2 

, and . -
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The infinite sums in eqs. (1) - (3) can be truncated a few terms after the order exceeds the "tilted"

size parameter, since Jn(cU) -. 0 for n > a (n, ca large). For example, it is generally agreed that for

c > 1 the nuaber of terms in (1) - (3) is of the order of N - 1.2a + 5. Therefore. when a is large

(i.e., a > 10). the argument in Jn(0) satisfies t >> n for all b n in (1), or

3() (2/7)1/2 (cos( - -- 1 1 + (51-1) (5) .-e

For copper and brass cylinders m * 12-601 and 5.8-291 respectively (see below). It follows that for
any ite araetera .21Ta cos4 •.,

any size parameter a larger than 1, lm($) becomes so large that J cannot be calculated

since It contains the term exp(+ lm(O)). Hence, in order to calculate the scattering function for those

materials, the expression for bal has to be modified:

Dividing equation (4) by B 2/B 2 we got-

C2 C
2Ja) + (a) - n

bnI (6)
A Hn(a) + [Hn'() (CO 2 (6 H(a))HIn(a) _ ) (CO I

B

The ratio - is the only term conLaini"g J(8) M and Jn(8)
B n

C'n(a)
7(7)

For the large values of S, J'(B) can be approximated to7

'C

G1' (8) % - (2/)l/2 sin($ -Pf V) (8)),,

or

C (U(a) 0) (9)
B j

We note that for m a c, bnl reduces to the known ratio bn n Jn (a)/H n(a). Similar expressions can be

derived for a

Whe.a the cylinder axis is not perpendicular to the measurement plane (see Discussion), the scatter-

Ing inteasities calculated by eqs.(l) - (3) will have their maximal intensities within the envelope of

a cone formed around the cylinder axis. In the event that the tilt angle between such a cylinder and
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the normal plane to the incident direction is 4 -t 0, the scattering plane will form an angle * relative

to the measurement plane.

The comparison between theory and experiment for 0 • 0 becomes then dependent on the opening angle -.

of the light source and its cross sectional variation of intensity (usually Gaussian). Here, we discuss

quantitatively the case of - 0 (copper), and qualitatively the scattering from the brass cylinder

for which 0 but 3.

EXPERIMENTAL DETAILS

Figure 1 is a schematic diagram uf the apparatus used to obtain the scattering data. The source of

radiation is a Spectra Physics Model 950 CO 2 laser (10.6 pm output) operated with temperature controlled

cooling water. The incident beam is chopped (220 Hz) for phase sensitive detection. Scattered radia-

tion is detected by a liquid nitrogen cooled PbSnTe (Barnes Engineering Co., Model 503) photovoltaic

detector. The detector chamber is mounted on a rotating support platform having an arm radius a - 48 cm.

Because of structural limitations of the platform frame, the range of scattering angle values is ^-15'

to 500. A synchronous motor drives the detector arm of the apparatus at a scan rate of 2*/min. The

detector signal is amplified using a Princeton Applied Research Model 128 amplifier and displayed on a

Leeds & Northrup strip chart recorder.

The targets used in this experiment were a copper wire (242 lm) and a brass wire (150 um), whose

composition was 70% copper, 30% zinc. The corresponding size parameters (at - ffd/X) were 71.7 and 44.5

respectively. Wire targets were cemented in angular rings which were compressed slightly during the

drying of the cement. Upon relaxation of the compressed ring, the wire is subject to a slight tension

so that its cylindrical shape is insured. The mounted wire target is then clamped in a holder so that

its axis is colinear with that of the rotation axis of the detector chamber. The laser beam diameter

is 4.5 lm at the s-2 field points and the beam divergence is less than 3.5 m red.

All measurements were made with the laser beam incident perpendicular to the axis of the target

cylinder. Since the laser is vertically polarized, the electric field of the incident radiation is

parallel to the cylinder axis. Scattared radiation was also detected in a plane pe'pendicular to the

target axis.

There are several sources of experimental error inherent in this apparatus and type of measurement.

The diameters of the wires were measured using a traveling microscope to +1%. Uncertainty in measuring

the scattering angle is estimated to be 2* - 3". A collimator with variable aperture iris is mounted

at the entrance to the detector chamber and serves to limit the spread in angles, Ae, that the detector

can receive. With the iris at maximum aperture, A8 - 4.8*. Measurements were usually made with the

aperture closed down from its maximum diameter although no significant differences were observed in
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V.J
doing so.

Aligtuent of the wire axis relative to the polarization direction of the electric field is estimated

to be within "•3O.. This assumes that the laser output is vertically polarized. Because of the type of

wire mounts used, deviation from the zero tilt angle is probably 2' .

Other rources of error which affect the level of the output signal are of somewhat less significance

for this experiment. Figures 2a and 3a show that the noise level is quite low. This was accomplished

by using a low-noise transformer inserted between the detector output and the amplifier. The traces

shown represent data recorded with the inscrument settings chosen to optimize the signal-to-noise level.

Repeated tracings were reproducible with respect to curve contour and maxima/minima points. However, the

relative intensity of the overall LrAzuv- wias subject to vertical drifting on the chart. Port of this

uncertainty was attributed to drift of the laser output. Even with the temperature controlled coolant

(18.0 + l°C) circulating around the laser tube at the recommended flow rate, some output signal drift

was observed af LZ a one hotr warm-up period. Consequently, the procedure adopted was to allow all

components Lo warm up for two hours b,'fore data were recorded.

OPTICAL CONSTANTS OF TARET MATERIALS

The optical constants of several metale from infrared to far-infrared wavelengths have recently been

8
tabulated by M.A. Ordal, et al. Both n and k are rapidly increasing functions of wavelength in the

infrared region. For pure copper at 10.6 pm. representative values are n - 12 and k a 60. The brass

target wire used has a Cu/Zn ratio of 70/30. For metals at low frequencies, the optical constants can . -

be approximated by"

n -k •-/I/ -eo0 p(9) .-

where P is the static resistivity, w is the angular frequency, and P is the permittivity of free apace.

Since the resistivities of metals and alloys are easily found, we used the above approximation together

with the tabulated data10 for P to obtain the optical constants. The results for brass at 10.6 pm are

n 5.8 and k- 29.

The experimcntal data were taken for wires of various sizes. Figures 2s and 3a represent the angular

scatterin% results from copper of diameter 242 Um and brass of diamcter 150 9m, respectively.

RESULTS AND DISCUSSON-

The theoretical calculations for the copper wire (a - 121 pm) show that the general angular scatter-

in3 as well as the accurate angular values of the maxima and minima are predictable by means of the
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infinite theory. This is clearly shown in comparing the experimental with the theoretical results in

Fig.2. The accurate match shows that the experiment was perforaed in such a way that the scattering

"plane and the measurement plane coincided to permit the angular measurements in the same relative units.

It is important to note that the general behavior is very sensitive to the size parameter and, therefore,

provides an accurate method for the determination of the size of the scatterer. However, tne scatter-

ing intensities of the different metallic cylinders are relatively insensitive to changes in the

refractive index. This suggests that many properties can be approximately derived by inserting m >> 1

in the scattering equations.

In the case of the brass cylinder (the experimental results are given in Fig. 3a and the theoretical

in Fig.3b) the scattering angles for which maxima and minima occur can be predicted, but the general

behavior of the experiment (a decrea3ing envelope) is different than the theoretically predicLed in-

creasing envelope. However, the theoretical prediction was calculated for a scattering plane that is

perpendicular to the cylinder axis. In the event that the wire is not perpendicular to the measurement

plane, having an orientation angle of (2 - 4), the scattering directions will be tilted relative to the

measurement plane with a varying tilt angle against the scattering a.agle.

As can be seen in Fig.4, this varying angle reaches its maximum at where it equals More

specifically, denoting the measured scattering angle by e and the varying tilt angle by 4', we get

tan4' s sine tsnd (10)

The larger the angle 4' is, the less is the overlap between the scattering plane F.O.V. and tie measur'

l , plane F.O.V. resulting qualitatively in a general decrease uf the scattering intensity with increas-

• ing e in the interval 0 < e <
o2

When 4 # 0, the scatteting angle must also be modified. Denoting the scattering angle in a plane

perpendicular to the cylinder by V, the following relations hold (see Fig.4):

Pin = sine' sain, sine' . L sine (1)""COBO

As stated in the section describing the experiment, the orientation of the wire is uncertain to

*: within 3'. Thus, 4 < 3', and as V' _< $, the deviation between 8' and A is less than the accuracy in

the measurement of the scattering angle (LO - 4.8'). Therefore, tb~s effect was not included in the

calculation.

As already mentioned, the theoretical intensity pattern for scattering from an infinite cylinder is

* mainly restricted to the pl..ne perpendirular to the cylinder axis, and the intensity falls off sharply
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at even emall esigular deviations from this plane. This is true even for finite cylinders of aspect

ratios larger than 20 as shown in Ref.4. Thus, the varying values of 0' allowed by this experiment V,

4. k
are sufficient to gradually lower the theoretical intcnsity pattern as a function of the scattsring

angles. This explains the anperent discrepancy between the results given in Figures 3a and 3b.
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Fig.1. Schematic diagzam of the apparatus; top view: L -laser, C -chopper, T -target, a(- 48 cm)-

radius of path (P) , of detector (D) , -scattering angle in the measurement pl.ane, Ae - range

of ,,¢att~ering• angles accepted by the detector chamber. The electric field o," the incident

be-9, 1, is shown perpendicular to the plane of the diagram and parallel to the axis of the

target. The angles 1 and e2 indicate minimum and maximum angles of the scan of the detector.
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Fig.4. Geometry of the orientation angle *.*is the angle between the measurement plane (containing 7

teincident direction and the detector direction) and the scattering plane (containing the

incident direction and perpendiculat to the cylinder). 8 is the angle~ of the detector arm,

lband e' is the angle in the scattering plane marking the direction of maximal intensity. V' is

the angle between the detector arm and the corrospondincg direction of the maximal intensity.
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&*cent Results in the Scattering &and Absorption

by Elongated Conductive Fibers

by

V. 2. Pedersen
J. C. Pedersen
P. C. Waterman

pansamtrice, Inc.
221 Crescent Street
Waltham, KA 02254

Abstract

This paper deals with electromagnetic scattering and absorption by tbin fibers

having arbitrary length, orientation, and electrical conductivity. This and related

work have been published and presented as follows:

N. 3. Pedersen, J. C. Pedersen and P. C. Waterman, linal Report on Theoretical

Investigation of Absorptive Processee, Vrepared by Panametrice, Inc. for U.S. Army

Chemical Systems Laboratory (Dec. 21, 1982).

J. C. Pedersen, N. I. Pedersen and P. C. Waterman, "Slectrosagnetic Theory of

Scattering and Absorption from finite Elongated Objects," Proceedings of the 1963 CIL

Conference on Obscuration and Aerosol Research (submitted Sept. 1983).

t.q

N. 1. Petersen, J. C. Pedersen &ad P. C. Waterman, "Recent Results in the Scattering

and Absorption by Elongated Conductive rLbere," presented at the 1984 CIDC Conference

on Obscuration and Aerosol Research (Juno 1984).

N. I. Pedersen, J. C. Federsen and P. C. Waterman, Final Report on Theoretical

Study of Single and Multiple Scattering by Cylinders, prepared by Panasmetries, Inc. for

U.S. Army Chemical Systems Laboratory (Sept. 27, 1984).

Although further development is planned, the associated computer prograes are no

developed to the point where various specific fiber parameters, such as tabulated

optical constant*, can be utilised.
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1.0 INTRODUCTION AND 8UMUAMt

Is this paper we present theoretiol results obtained is the areas of single

seattering &ad absorption of oleetroma$setio radiation by arbitrarily orieated conductive

fibers, and in radiative transfer by lares aggrOgates of such fibers.

It has been determined that, in the ease of single soatteriol &ad absorption, the

theory in its present form is capable of producing reliable results over a very wide

Vanse of length-to-wavolenstk ratio. An asymptotic expression is given for the

backasatter arose section in the large lsagtk-to-wavelength ratio limit. In the snall

(Roye*ilk) limit, it is shows that a previous theory by two of the autheor is in

agreement with the mote complex present theory. Two elasses of eases have been identi-

fied in which the present theory is in error. Is practical computations, those oases

can be easily avoided without substantial loss of information.

The detailed differential scattering cross seotions have been appropriately

averaged for input to a Radiative Transfer computer program, which we have developed ,

etnourrontly and which is presented elsewhere in these Proceedings.
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2.0 3I.CTROKAONITIC PROPRITIZI OP C(oNDUCTIVB FB1133

2.1 Basis The.r

This theory is based poea a variational procedure first lot forth by Tat for

perfectly coaduoting wites. 1 nad later extended to the ease of finite conductivity by

Cassedy and Fainbers, who, however, considered only broadside inoidenzo. 2  In the

present theory, scattering, absorption. extinction, and radar Goross seotios &te

calculated for arbitrary aniles of insideace. The results *an then be averaged over

all anglos of incidence to obtain results for a @load of randomly oriented particles.

Consider a plane electronagnetie wave incident upon a cylindrical wire of fliito

conductivity at arbitrary &anle of inoideneo.Si. and arbitrary polarization angle. 4,

as shown in Pit. 1. Assuming the Vite is sufficiently this for the ourrent to be

radially symmetric, one nay consider the current as a current filament I(z) along the

Asis. since the wire is assumed to be thin, only the sonponeat of the eleotrie field

parallel to the axis will stinulate a response. and the integral equation tot the

boundary condition at the cylinder surface may be written

E sin ei cosq, eI(Z)Z

+ 1(71) + ds,-do' (.)-2- fZ 4" fh k , U Z'

,-

note. Z is the skin impedance per sait length of the cylinder, relating at to age &ad

is liven by$

- (2).

21ta(o + JL.ii) I(ga)
"where 1

'2 * E2 o Cos2 0 ,u-) + (3)

Io(ga) and 11 (sg) &to modified aesetl fnsetions. It may be noted that the seal part

of 62 may becoms important is the visible reglon. In Sq. (1)

S 0 /CO .H i hhe chaIracLurIit ic impedlance of free spacc., and

R /"(z-z4)2 + 4n2 tin '

A stationary hemogeoneos fnoetional exprossio sean now be oaestruoted fot the

entreat is tota of the baooshattered amplitude a. giving

k h h PjkR h
f 9 _)Iz dz' ei: - I(~

2w k. Z a R1 .h

if .h . "7 c id i 4j Jo d9JJo
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Jot the oureeat fasetmoJ. we sheeto that given by Tail

I- I [fes) + A e(st) 11_,

,whoes

e(s) eeo se a ee s a - *s a seae qkx (6)

and

f*(i) a *iO hs ea qs - *is a $is qkz. ()

where q coo e8 and x - kh. Net* that both fet() &ad fe(s) vaSiSk at a - W h, whigh

is appropriate if the currentis to be zero at the eand of the fiber.

Ueins the vasiatieoal teekaique. we set

• A

and obtain for A

A 9 a r C(

g (Y -A
C 8 S

vboco

9c k sirOi fh f (z)e~~ COjdi (9)

k in~i f We (zektcas~j (1 (10)
_h

z4wjZ hf2 (Z z(11)

d obtafh f 2(z) dzo(12

hk hw dz~ (h' h O *) J dd (13)

= j-J'Y d* ct zf. (a') 1 * 2 ! dd' (
.h _h it2  ~/

'.+?

d# (Z'f (z)'c (+1 ''L

ISqatiens (9) through (14) have boes evaluated 4asalYtiea?
1 . laviag deteemsetId A, the

seaseal, fart-ield leattesad amplitude eas be written as
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s (e.%) 2, 2 p2  c snc~x-cesnx

-c co

co (q sin q x 205 px -p coo x sin px)
(qz - p )

+J 9 snq (p sin x o x- con sin px)

-sin x

(q - (p sin qx coo px -q cos qx sin px) ~ (15

where i os 0. beini the soatterias angle. (5

By definition, the ditfeliential Soattetiasg ross aeetion is then given by

O(9%) R 2 lEs 2

(16)

The total soatteging stoma session is

211 ~

The eatisetios cross se#tios is defiaed by the well-hnewn forward amplitude thegorm as

om~ ~ I (Sof ~(8

The absotptioa cross sestion is just the ras power absorbed is the asetterer divided

by the see initensity of the iseideat bega. The roo powe& absorbed in the vits is

liven by

P {IhI 120 dz
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sad the tao i-teasity of the 9 eompoaoat of the iseideat beam Ic

E 02

so that the absorptioa gross sectiot is given by i

0 - 2  I(z) dz. (19)

Pixally. the adrst croas section is defiaed to be

Y RCS 4w a(9j. OV)

(20)
= -'

Equatioms (16-20) are for polerizatioa in the k-z plane, i.e., 4 - 0.

The results achieved by usioa the above equatioms vill be dieosesed is the follovin,

soctioe. It appears at this time that this theory may be valid for kh valmes much

larget thin SO.
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3.0 RRSULTS

In the following pages, we present the results of a detailed investigation to

determine the validity of the present theory in various parametric regimes. Although

this Investigation is still in progress, we believe that the results presented below

demonstrate that, with oertaia specified restriotions, the present theory is capable of

providing good results over very wide ranges of parameters. Specific questions to be

addressed in the foregoing pages are:

(a) Over what rangs of kh is the theory useful?

(b) In the limit of very large kh, do the differential
scattering patterns give reasonable results?

(9ý Assuming that the theory is well behaved in the
kh )) I limit, oan one obtain simplified asymptotic
expressions for the various cross sections?

(d) Now do these asymptotic expressions compare with
those whioh can be obtained from infinite length
cylinder calculations?

(•) Do the results agree with Rayleigh theory in the
appropriate limit?

In the ;maainder of this Section. we present results which demonstrate good

asymptotio behavior in the large kh limit, as well as good quantitative agreement with

published experimental data and with Rayleigh theory.

3.I Differential Scattering Cross Section

In this sub-section we present computed cures& of differtntiul scattering acros

seOtito per squatr Wavelength (Odiff'/2) as a function of scattering angle 0. It is

important to note (see Fig. 1) that the scattering &ngIe is seasured with resoeat to

the cylinder axis, as is the anile of incidence *t. In all cases, the electric field

is in the plane of the incident k vector and the cylinder axis.

In Figs. 2 through 9, the inoident wavelength is 3.14 an and the cylinder radius

is 3.0 micron (ka - 6 x 10-3). The electrical conductivity is 3 x 104 Rho/&. These

parameters are representative of Stalhite fibers illuminated by a 3 ma plate wave.

3.1.1 Behavior as a Function of kh

Figates 2, 3, 4 and s show the behavior of the soattering pattern for three

valses of kh, vhere h - half lengtb. Is Pig. 2, kh 1. This partile* should, there-

fore, scatter like a simple dipole sad we see from the figure that this is indeed
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That% tno(deag)- 30

RadiusCm)- 3.08E-06
LsnqthCm)- I.OGE-63
Landa~m)- 3.14E-83

Cond.Cmho/m)- 3. GK+04
Ymaxm 2.71E-05

Fig. 2 DLffeeeatisl Gross 90@tioajlsabd&2 for 01 3001 kh *1.
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u~.Theta tnc(deg)- 39

Radlus(m)- 3. OK-96
Length(mL- S. SUC-93

Leaum~m)3.14E-83
khi 5. mC+SU
Chnd.( a )m 3. OKe94

rYmax- 1.?E-644

so ISI

Fit. 3 Differestial Grog& sectijon/lamubea2 for 9, 30c, kb S.
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Theta Inc~dev)- 30

Redtus (m)- 3.UE-S6
Longth(m)- 16CS
Lamda(m)- 3.14E-93
khin 1. IC1T
Cond.(mho/m)- 3.@GE+04
Ymax- S.aESE-4

soIS

Fig. 4 Diffe,.un.isl 01033 *0*tioft/j&Ubda 2 fog 91 Boo0, kh a10.
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Theta Inc~deg)- 30

Rudtus(m)- 3.00E-06j ~L..d.C.)i 3.14E-03 .

Cond. Cmhc'm)- 3.20E+24
Youx-6.26E-84

soIS
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so. Note that, eyen though ei s o0*. the scattering displays a single broad lobe

which is symmetrc &ad hna a maximum at 900, which is "erpendiSular to the axis.

In FPi. S. the length has been increased from I nm to S am. oorresponding to kh -

S. eo see that. in this case, the scattering pattern is note oomplioated. we still

see a little bit of the symmetric (dipole-like) scattering at 900. This is in the

intermediate range of kh. The pattern is largely symmetric, with the major lobe

appearing in the vicinity 4#f 1800 - -i - 1500.

Note that, in the case of kh >> 1. the scattering amplitude is ooestant is the axi-

symmetric con0e whose included half angle is 0, the differential scattering angle of

the figures. Therefore. the differential scattering arose section at *-1 8 0 -91 is the

same as that at a - 1800 + *i. But. this latter scattering angle is the direction of

the incident k vector, and therefore, is the forward soattering direction. It is well

known that, for large kh. we should expect to find a major lobe in the forward direo-

tion. Therefore, the lobe at 0 = 1500 qualitatively agrees with what we would intui-

tively expect for a moderately lar$e value of kh a&d small ka.

It we next increase the length so that kh - 10 (a value well into the kh )) 1

region), we see in Fig. 4 that the major lobe of Fig. 3 develops into a much more

pronounced peak in the vicinity of 0 -1$UO. This shows that the forward (0- 1800 +

Gl) and specular (0- 1800 - O1) scattering patterns are fairly well developed.

Figure 5 is a composite of Figures 2, S. and 4. with all data shown in correct

numerical scale. It is interesting to note that the peak for kh - 10 is closer to

1500 than that for kh - S. which is in agreement with out epeoctations.

3.1.2 Behavior as a Function of 91

In the next set of Figs. (6 through 9), we fis kh at a value of kh - $ and choose

three angles of incidence: 91 U 300, 600, and 900.

The scattering pattern of Fig. 6. for which 01 - 300, is that of Fig. $ and is

repeated f r continuity. We see in Fig. 7 that, when *0 is increased to 600, the

major lobe shifts to 0 :80; - 600 - 1200, which is just what we should expeot.

A At *i - 900 (Fig. 8S, we have broadside incidence and the major lobe has shifted

X! to 900 as expected. The pattern is symmetrical about 900 as it should be.

A composite of the preceding throe curves is shown in Fig. 9. which demonstzates

how signifioatly the msanitude* of the scattering czoss sections differ as a funotion

"of angle of incidence.
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Theta tnocdes)- 36

Radiuatm)- 3. OK-06
Length(m) - 5. SK-83

LoW a (m3.14E-03
kh- 5. GK+19

Cond.( ') 3. K+04
Ymaxin 1.73E-04

so ISI

FiS. 6 Diffe:.mtial oz:;e **0tjo&/jsambd 2 lot kh - S O -, 30o.
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Theta Ino(deg)'m as

Radtus~m)- 3. am-86
Lsrigth(m)- 5. * U-03
Lamda~m)- 3.14E-63
kh- 5. 9K+99
Cond. Cu*o/m)in 3. @K+04

Ymax- 12K-63

Fig. 7 bifforestial arose 906tion/laubda2 for kb St Si Oj 00~o
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Thetam inc~deg)- 9

Radtu2(m)- 3 -96
Longth(m)- 5. -03
LsmdaCm)in .14 -93
khm . +99
cc ~Cmho/m).m 94
Ymaxm .74 94

Fig. 8 Differential cr0ss sect ton/laabds2 for 3k 31 i go*
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YB x

I \

Radt us(m)- 3.0OE-06
Length (m)- 5.0 E-03
Lsnds(m)- 3.14E-03
kh" 5.OOE+00
Cond.(mho/m)- 3.BBE+÷4 I
Ymax- 1.20E-23

so nag.

so '

/ ~30

0690 too

Fit. 9 Composite diffietoatial Gosos Rection/lambda2 for O
300, 600, &Ed 900 aa4 kh S .
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3.2 Backecatter Cress Sections

Is have made a &usber of comparisons between the results of the present theor-

and available measureenats. The data presented in this section are limited to moderate

values of kh j 10. It is unfortunate that more experimental data are aso available.

In particular, we have found so experimental data for loosy oylinders. Available,

experimental data with which we can compare appears to be limited to the backsoatter

cross sections of perfectly conducting, but thin (ka ( 1) vires. Notwithstanding,

considerable insight can be gsined in the foregoing comparisons.

3.2.1 Radar Cross Section vs. Aspect Angle

In this sub-section ve compare the results of the present theory with experimental

data taken at Lockheed GeorSia5 for tungsten vires in the resonance region. The

measurement frequency was 9.375 ON. Vlire diameters ranged from 1 to 3 ails. The skin

depth of tungsten is 0.04 nile at this frequency and we can, therefore, consider the

conduetivity to be infinite for Figs. 10 through 16. In these Fisnres. the solid

curves are our theoretical results and the dotted curves are experimental data. These

Figuroe are plots of backsoatter aroses section per square wavelength vs. aspect angle

with the 9 vector and the cylinder axis in the rotational plane. Note that 900 and

2700 represent broadside incidence, while 00 and 1800 represent end-on Incidence.

Fiaure 10 corresponds to the onset of the first (h half vavelensth) resonance.

Note that the angular symmetry of the data is off by 10 to 15 degrees. It this eore

corrected, reasonably good quantitative agreenent would be observed.

PFigure 11 corresponds to the first resonance (L/). - 0.480) and we find excellent

agreement betwete theory and experiment. Figure 12 (LI). - 0.496) shows good experimental

synmetry and &are%.. .t vithin 10%. In. Fig. 13, in which L/k - 0.525, the agreement is

better than 10% when corrections are made for ezperimental as assymetry.

Note in PFi. 14, for which kI). - 0.854 the broadside (900) peak observed in

Figs. 11 through 13, has split and the RCS is reduced. Although the features of the

theory vs. experiment agree, the quantitative aSreement is only within -25% to 30% In .

Fig. 14.

Figures 15 and 16 correspond to L/). - 0.929 and L/I = 1.051. respeotively. In

Fig. 15, the experimental amplitude asassynetryis about 12%. while the agreement betvwen

theory and experiment are within about 18%. In pig. 16. a sew maximum has formed at

900 and 2700. The entire pattern is reduced and only moderate (20 to 21%) theoretical

experimental agroomeut is observed.
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3.2.2 Backscstter Cross Section vs. hb

In this sub-section, we first compare the results of the present theory with some

early experimental measuremenats on highly conducting vires by As and Sohmitt6. 7 with

the results of the present theory. Figure 17. the experimentally observed backsactter

cross section per square wavelength is plotted as a function of kh for three velues of

ka. Note that an error exists in this Filurs. The solid line (ks = 0.132) and the

dotted line (ks - 0.026) wero obviously inadvertently interchanged in the

original paper by As and Schmitt and the error was reproduced in tin$ and In.

Filure 18 shows the results of the present theory for the same paraneters as

those of Fig. 17. Note that. except for the deep minima of Fig. 18. excellent Ia-

quantitative agreement is demonstrated. The existence of these minima will be discussed

in Section 3.5.

Figure 19 shows the behavior of the bockscatter cross section vs. kh for four

electrical conductivity valaes ranging from 100 nho/n to infinity. Note that (a) as

we would expect, the baokscattor cross sections decrease with decreasing conductivity.

(b) the plateaus degenerate to simple maxima, and (a) the t:ieeo very deep minima "

persist even for small values of electrical conductivity.
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t•
3.3 V~tw Lars. Value, of kh

go next investigate the behavior of the theory when kh becomes very large. The
purposes of this ate (a) to test the stability of out solutions in the very large kh

t..

range. (b) to determine, if possible, asymptotic expressions for the crons sectioans

and (a) to see if the solutions appear to be reasonable on physicil grounds.

In Figures 20 and 21, which are analogous to Fig. 17. we have plotted (linear

plot) baokcoatter cross section pt- square wavelength vs. kh over the range 0.25 . kh

5. 100. In Fig. 20, kh - 10-4 and in Fig. 21, ka - 10-3. We tind that

(a) the baoksoatter cross section appears to be will behaved in the very large

kh regime

(b) The minima of Fig. 17 persist to at least hh - 100.

An analysis of Figs. 20 and 21 gives the following asymptotic relationship:

0RCS I kh\ 2 (1
X2 T \ .n (ka)"

The above equation is plotted, along with the theoretical results, in Figs. 20 and

21.

Another test of the theory is to observe the behavior of the differential scattering

cross section in the very large kh limit. The results of these computations are given

bel1ow.

Figures 22. 23. 24 and 25 show the behavior of the differential scattering eross

section per square wavelength for various values of hh. The cylinder orientation is

broadside, with 9 parallel to the cylinder axis. The values are kh - 10, 15, 25 and

100. Note that, as kh is increased. (a) the width of the central Maximum deorease*&

(b) the lobe structure becomes compreesed, and (a) unexpected minor lobes appear aeat

00 and 1800. The relative amplitude of these minor lobes appears to diminish as (ka)

is deoreaeod. Te do not presently have a conclusion as to whether or not these are real

or are the result of the use of the simple current function given in Section 2.

Rzoept for (e) above, the curves of Figs. 22 through 25 appear very normal and

well behaved. Also, we have shown that the Main lobe structure agrees exactly with

the •asal (sin2khsine/2khsine)2 representation.

Figures 26 and 27 represent an interesting and unanticipated result. First, note

that the angle of incidence is 400 (500 off broadside). In Fig. 26 the total longth

(2h) of the oylinder is an odd multiple of a quarter wavelength. specifically, the N-
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Ym x

Theta Incxdeg)- so
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kh,,, I . E-.01
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Fig. 23 Differential cross seetioa/lembda2 for an infinitely
conducting cylinder. broadside incideace and kh 15i.

418

I °-

S.*- ..-



Theta Ino(deg)in

Rudtus~m)-1.E0

Lamds~m)- 1.f -91 K
kh- 2. E+01
Cond.Cmho/m)- InP its
Ymax E-0

lei

1ie 24 Diffoegetial *rose s otioadlaubd&Z fort o tsfialtely
*oaoota~ey1isdor. broadside issideass sod kh w is.

419



Ym x

Theta Inc~din)- Be

Redtue(m)- 1. SE-05
Lonoth~m)in 3. SEiBO

khme 1. E+02
C~nd.Cmhoi'm)- Ifits

so Igo

pis 35'Seeta rs 9tonlmd, fr a s atlGoadetil sliadr, roasidelasdems sa ab 100

420,

* =



YTx
Theta lnc(dog)- 49

Radlus(m)-n1GE0
Longth(m)-5.IE0
Lumda(tn)- 19E
kh- 1.63E+02
Cand.Cmho./m)- 1nfinite
Ymaxm 1..59Ei81
Tat. X.S.- 1.82E+81 L

0 ?

so ISO

Fig. 24 Pifferostial gross seetion/iaubd*2 for as isfisithly,
codunoting cylisder vith *Q 400 and kk 163.

421

I.A



Th1 ta inn(dug)- q0

dlusC )- 1.00E-04

-nda(m)- 1.G02E-01
I 1.62E+02

~nd. C mh /m) - Infinit 1
V93ax- 4.00E+00

STot. X.S - 9.I8E+00

so ISO

Fil.27 iffrsatol rea lotioalsada, for s ifisteI
ooIota eyibrwt 1 0 a h 12

I42

I- W Or F ,-% 1,



total loelth. L - 2h, is given by Z- 103.5 (1/2). Although points are computed Only

for every degree of soattering angle, it can be seem that the seattering patters is

well behaved, with a large peak in the forward direction'.

This expected behavior of the scattering patters is typical of £eArlyLZ all of the kh >)

1 scattering patterns which we have plotted. we have, however, found an exception to

this behavior. It oc*urs within a T&XL. marrow range of kh when the total length is

approximately equal to any (even ot odd) multiple of a half waveloegth. when such

multiples occur. ie.. £ - 2h - N/.2 whon N >) 1. we fied a large peak (equal to the

forward scattorias peak) In precisely the boksocattering direction 0 - 9j. This

bachscatter peak occurs for all eagles of incidence for which we have made computations.

Am example of this is shown in Fig. 28. This anomalous behavior occurs for loss then

5% of the cylinder leantha if we continuously vary cylinder length (O9 0 900 and k.

)M ) and observe the scattoring in the backsoattering (0 - Oi) direetion. A further

discussion of this anomaly will be given in Section 3.5

3.4 Averaged Extinction, Absorption, and Scattering Cross Seetivus vs. Waveleoath

In the case of transmission of electromagnetic radiation into elouds of randomly

oriented conductive fibers, one is interested in the orientation averaged values of

the extinction, absorption, and scattering cross sections. In particular, the cross

section per unit volume of the partiale is of importance. we have developed a computer

program for the calculation of the above cross sections as a function of the waveoensth

of the incident radiation. The fixed parameters in the calculation are fiber radius.

length, and oenductivity.

As examples of the above mentioned plots, Figs. 26, 29, and 30 predict the speetral

cbaraoteristies of thin graphite fibers iS the speotrL1 rasng 0.1 micron j k :. 100

microns. The fixed parameters are radius - 0.1 p. conductivity - j.1 £ 104 she/n, and

total length - 1 p. 3.3 p, and 10 p for Figs. 28. 29. and 30, respectively. The dashed

lines corrospond to scattering and absorption in the Eayloigk limit. Note that the

various electromasnotio cross sections are averaged over particle orientation. It

should also be meted that the orientation averaged scattering and absorption cross

sections are computed by avetaging these over all aspect angles &ad (in the case of

scattering) all scattering angles, as shown by Eqs. (17) and (19). sowevor, the

estinction cross sections are computed using the Forward Amplitude theorem Eq. (16).

At any wavelongth, the sum of the scattering and absorption cross sections should, of

*As was pointed out earlier in this paper, the scattoring is the same at the angle

180° + *1 as at 1800 - e1. Therefore, the large peak at 1800 - cl can be interpreted

as forward scattering as well as scattering at 1800 - 0. p
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eores&. be equal to the oxtiaotiom *rose section. sizes the oatiaction cross eeotiom

io computed by indepeadeat means. a good check on the theory is to determine whether or

not the equality Babe * Oeo,- lost prevails. ladeed, it sean be sooe by iaspection of

the three figures that the equality does exist throughout all but the shortest waveleagth

rangs of these.

The maim purpose of lioludiag three figures is to denomstrate the behavior of thb

scot& sectiomas as the fiber lnagtk is iaoreased from one Micron to toe mieroas. Ia

Fig. 28, we see that the absorptioa cross asotioa becomes maximum at about L. - 10 sa

and is more then two orders of magnitude higher thai the scatteriag cross section for

wavoloagths loaner thea 10 p.

In Pig. 29, the Isagth has btom itoroaosd from 1 to 5.3 p and we see that the

absorption reaches its maaixmu at X - 20 to 30 microns and the scattering cross seotisa

to groater than that of Fig. 28.

Figure 30 shows the behavior when the total length is ioreasoed to 10 Itoroas.

oere, we see that the absorption (and eatiactiom) are fairl7 ooastaat oTer the rease I
x 1 , 100 # .

The above Figures show that. whea the fibeo/leagth is itancessd from 21 0 to

10 p. one obtains improved absorptive (aad extinotion) properties of the fiber at the

longer Lnfraored wavolengths. It is also seoe that. as fiber length s ieaoroasod. the

ratio of scattering to absorptiom cross sections iaoreosse (as we should expect).

, It is important to note that the numerioi ifegrstions for i5 oe and Das wore

"" carried out in 50 incremants in both 0 snd 0. This rather soarse increment was

.neessary because of computer memory limitations. As kh becomes larger, the soattering

patterns become more poaked, and the fiaer the angular integration inoremont should

I be. The use of a 50 inoroment is probably the reason for the inequality of soea +

5abs 'e1. This tentative conclusion is reinforced by aoting that the esact speoular

peak at 0 x N - *t is always one of the poiats included in the angular integration of

the differential scattering cross sections, sad it is therefore weighted more etrongly

as the width of the peao approaches the angular intgrattioa imaremeat. To plao to

compute a limited number of plots similar to those of Figs. (28), (29). and (S0) uoing

10 iantormnts, and to compere the short vavolongth behavior with that of FigSrOO 21.

29, and 30.

S-.

teas lts 8 ' based on Rayleigh seattering and absorption (dashed line) are in close

aarmo-.t with those of the present theory.
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3.S Discuesion

The primary purpose of aur theoretical work on seattoeing and absorption by

cyliadets has beUe to include ohmic losses is the historic formalism developed by

Tail. Caesedy end Fniaberg 2 . and others. The reason for this has been to prvvide a
useful procedure tat the soouptatios of scattering. abpsorption, end eztiaotton oras •

secotions for loaey fibers. It turns out that essentially all of the available 1:

ex operimtental data with which we *&a coompare the thoorotioal results invoelves vit~ae.

havia$ a conduotivity so high that. fot all practical purposes, it is infinite. This

is why a large portion of the data presented in this report involve infinitely conducting

- fibeas.

The details of the various scattering patterns which we ha.e nvoestigated obviously

depend to a very high degree upon the current function. The absorptive prererties, of

course, also dopend upon the current fuantion. To believe that good behavior o: the

scatterilg patterns in a gives regine Justifies the use of the e- 1Out Current funtion-

" in that regine for the calculation of absorption as well earteriag. To say this

in another way. a careful analysis of the scattering predictions of the theory to

a powerful tool in detormining where the use of the present theory is aoceptable and

where it is not. In addition, as mentioned in Section 1.2.3, the conservation of

energy criterion (116oa + zebs V " zt) also serves as an important validation tool.

• With regard to the date which we have included in the precediag pages, we have

the following specific comnenta:

(1) The features of the difftereantial scattering data of Sections 3.1.1 and 3.1.2

(Figs. 2 through 9) appear to be as one would expect, with the forward

scattoring lobe becoming more pronounced as kh--10. A somewhat disturbing

feature of these data Is the presesce of rather larger lobes neat 00 and

180g (end-on) than we ezpected to find.

r
(2) The data on baokeoatter cross sections is very instructive. Our predictions ..

agree very well with the Lockheed measurements over the (rather smell) range

of 0.410 . L/). j 1.051 in Section 3.2.1 (Figs. 10 through 16). The quanti-

tative and qualitative details of the theory vs. these measurements are

in good agreemn&%.

In Section 3.2.1 very good agreement is demonstrated between theory and

oeperiment for the throe ka values of Pigs. 17 and 15. Rowevere, not that k:

the deep minima appearing in Pig. Is are definitely inoorroct. These seroe .. ,

in the baoksoatter cross section occur for arbitrarily small ka values, and

therefore, signify &Oro values of S(0), the forward scattering amplitude. *.

This, in turn, forces the aonelusion that the total cross section is soce at a .t

those values of kh. which cannot be.
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The above problem Gas be directly traced to the curgent fusntion of lqs. (5).

(6). and (7). If we integrate the eutrant function over the length of the

vir, and set the intelral equal to nero (e.g. not current a 0). we find that ;

the relation tan(kh) a kk obtains. We have done parametric plots of this oquationl

and find that the zeros of Fig. 11 oecur preoisely at the values of kh whiok

satisfy the above transooadental equation. To should note that. in re-reading

Tails paper. 1 we found that he had diseovered the same problem sad produced the

same transoendental equation. This Is a definite limitation of the theory. Aside

from this, we seem to be in good agreement with ozporinent. Tkerofore. taking

this reservation into acconat, the theoretical backsoatter data for various finite

values of conducetivity (Fig. 19) have high credibility.

(3) In the ease of very large values of kh. we see that the minima mentioned

above persist out to at least kh - 100 (Section 3.3. Figs. 20 and 21). and

predictions in the near vicinity of tan (hh) - hh should be disregarded.

Aside from this, we find that the theory is well behaved for extremely large

values of kh for broadside seattering. An asymptotic expression for the

broadside bacsacatter arose section ve kh was derived and is liven by Bq. (35).

The calculationt of differential scattering roses section vs scattering

angle plotted in Pigs. 26 and 27 ore very well behaved and produce exactly

the narerw forward scatterinl lobe vhioh we expooted. lowever, we have

determined (as discussed in Section 3.3) that, within a very nascrw rages of
LI).. a large backsecatter peak occurs at all values of Xl) - N. wh*re N is any

large integor. Since this behavior is essentially independent of the ansgle

of incidence, we conclude that it is incorrect and reflects a limitation of

the simple entreat function which we are using.

(4) The coaputatioms plotted in Pigs. 28. 29, and 30 (Section 3.4) provide en

example of the use of the theory which we have developes. In order to obtain

accurate results in the larger kh range, we must obviously use finer angular

increments in the intogrations to obtain the total scattering cross soetions.

To have realised this for some time and are takiag steps to obtain higher

computational speed and more needed computer memory. It is particularly

interestinl to note the good agreement in the Rayleigh regio& between the

early calculations of Pedersen and the present theory.

It is rocolnized that realistic calculations in the infrared &ad visible

portions of the spectrum require the use of established optical eonstants

(complex refractive index) and appropriate modifioation thereof in the

very thin limit of particle radius.
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In conclusion, we have found surprisingly good agreenent between the theoretical

preditionas and available experimental data. The calculations are well behaved out to

very large values of kh where we find no onset of instability. Two limitations of the

theory were identified. These occupy only a very #sall fraction of the kh values in

any given kh range and such kh values can be avoided in future computations without

serious limitations of the overall information vhich one can obtain. We believe that

theory as it nov stands is, with these specific restrictions, applicable to many

problems of more than passive interest to DoD.
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DIPOLE-DIPOLE SCATTERING INTERACTION AND
!.S RELATION TO PARTICLE SEPARATION IN COATINGS AND CLOUDS*

D. L. Dye, D. C. Capps, C. Gulacsik, and D. H. Holze
Boeing Aerospace Company, P.O. Box 39", Seattle, WA 98124

and
3ohn W. Bond

Belvoir Research and Development Center, Ft. Belvoir, VA 22060

ABSTRACT %
Eleven dipole interaction calculations were carried out. It was found that absorption Is reduced if dipoles

interact, that use of short dipoles can provide more absorption per unit volume, and that scattering and absorption
characteristics can be optimized through choice of dipole conductivity.

INTRODUCTION

Dipoles are used to scatter and absorb EM radiation in many practical applications. Often it is assumed that

the dipoles act independently, so the effect of N dipoles is N times that of one dipole. If, instead, the dipoles

interact, they generally tend to shield one another, reducing the net effect to less than N times that of one dipole.

We report on calculations made to assess the distances between dipoles, in various configurations, at which one

may assume they act independently. First we examine two extreme cases that are tractable theoretically: a

Rayleigh-sized sphere and an infinitely long cylinder. Then we discuss several cases that are best handled by

numerical analysis, specifically by a moments method computation. These are cases where the dipole length is near

its resonance range.

In all cases the approach is to determine the ratio of scattered to incident field, E5IEi, a a function of

distance from the dipole or group of dipoles. One expects little effect of the illuminated dipole upon another dipole

placed at a distance where the ratio is small.
I,.•

THEORETICAL CASES

CASE I - CONDUCTING RAYLEIGH SPHERE

The scattered field, Es, at distance r along the direction of incidence and Jn the plane perpendicular to the

dipole moment due to an incident field, E,, polarized parallel to the dipole is given by (ref. i)"

E5  _ k2 3 R1 1 111/2

OR [I I I
Il r -- r) ikr)J

o r 31

IEl Z zZ Z4J

*This work was supported by contract DAAK70-83-C-0066.
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for r > R, where R = sphere radlus

k 27w/)X

), :wavelength
.kR

Z kr

For a particular case with R = 0.265 mm and X= 0.5 cm, this ratio is plotted in figure 1 as a function of

distance from the sphere center. As expected, the scattered field decreases rapidly as one proceeds away from the

sphere, and is less than 10% of the Incident field for distances greater than about one sphere radius.

CASE 13 - INFINITELY LONG CONDUCTING CYLINDER

,- Reference 2 gives for the scattered field about an Infinitely long conducting cylinder of radius R:

Esj _ (o(kr)J 2 + [Yo(NO] 2 11/ 2

!ei I1 + [(21r )tn (kR/2) + 0.5772)211/2

* for r > R and kR <c I (Rayleigh condition on diameter).

For a particular case with R =4 microns and X= 0.5 cm, figure 2 plots this ratio as a function of distance, r.

As expected, the scattered field decreases slowly with distance from the very long fiber, becoming less than 10%

only at about one wavelength distance.

NUMERICALLY ANALYZED CASES

"For cases "Il e more realistic dipole configurations were investigated, cases not generally tractable

except by use of numerical analysis methods. The Numerical Electromagnetics Code (NEC), a moments method

code developed at Lawrence Livermore Laboratory, was used for this study (ref. 3): NEC allows one to solve for

S. currents and fields around wires and other structures In free space and over ground planes. The analysis proceeds by

solving Integral equations for induced currents, then computing resultant fields. The output for this study consisted
•.4.

of both currents and fields.

As with any numerical solution, care must be exercised in setting up the problems and choosing enough

elements, i.e., segments of conductors to provide for adequate accuracy and convergence. Convergence of solutions

Is checked by running the code lo, the same problem with variations in segmentation. In the cases reported below,

no attempt was made to compute fields very close to the wire surfaces since these values are not of interest and

they add complexity in setting up and obtaining convergence.
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CASE III - SHORT DIPOLES

Case III approximated the Rayleigh dipole calculated theoretically above. The scattered field about a stainless

steel dipole 8 microns In diameter and X/100 long was calculated and is plotted in figure 3. Microwave band

stainless steel conductivity was taken from reference 4. As expected, the scattered field falls off rapidly with

distance, being about 2% at one dipole length.

CASE IV - HALF-WAVELENGTH DIPOLES

Figure 4 plots the scattered field versus radial distance from a resonant fiber. The field decreases quite

slowly with distance, being nearly 20% at X/2 and still 10% at a distance of two dipole lengths. As a variation of

this case, figure 3 plots the same quantities when the conductivity of the fiber is taken to be that of graphite, 1.33 x

10• mhos/m, an order of magnitude smaller than that of stainless steel. This value is also from reference 4. Figure

6 shows the scattering field when the dipole material is a highly conductive metal such as silver, 6.17 x 107 mhos/m.

The effect of conductivity is seen to be an increase in scattering for more conductive materials, as one would

expect. Interaction between low-conductivity dipoles Is smaller, allo',; ig the dipoles to be spaced more closely and

still act independently as absorbers.

CASES V, VI, AND VIl - TWO PARALLEL DIPOLES, SPACED VARIOUSLY

Applicatlins may involve a number of these dipoles spaced apart variously. Case V studied the scattered field

ar ound two parallel half-wavelength dipoles a tenth wavelength apart; case VI, the same dipoles spaced one-third of

a wavelength apart; and case VII, two-thirds of a wavelength apart. These three cases are plotted in figures 7, 8,

and 9, respectively. They show that at close spacing, the scattered field away from the dipole pair falls off with

distance somewhat more slowly than at wider spacing. At very close spacing, the two dipoles appear to behave as

one and the falloff is similar to that of a single dipol

CASE Vii - CURRENTS IN DIPOLES

To assess the effect of dipole-dipole interactions on both absorption and scattering, NEC runs were made of
*1-i

two different half-wave configurations, spaced far apalt and closely ( X/10). Figure 10 shows these bounding cases.

The curves reinforce the point made earlier about fields: the current in each dipole becomes smaller as the dipoles

get closer, and the sum of the currents generates a single dipole-like field pattern. However, If the resistivity of

the wire material is the same In both dipoles, then the power absorbed in two dipoles carrying half the current i less

than that of one dipole carrying the total current.

CASES IX, X, AND Xl - PERPENDICULAR DIPOLES

A dipole perpendicular to th. incident E-field will not respond to It; hence,dipoles centrally crossed at right

angles behave as a single aligned dipole, whether the dipoles are in contact or not. A similar situation exists for
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perpendicular dipoles formed in the shape of the letter "T" when they are not In contact. The NEC calculation for

both of these cases shows a scattered/incident field ratio virtually identical to that of a single dipole of the same %-

length.

However, if in the T-shaped dipole arrangement the two dipoles are In electrical contact, then there Is current

flow into the top of the T from the stem and some effect upon the radiation field from this altered current

distribution. The NEC result for this case (XI) is plotted as figure II. It is seen that the scattered field drops off
S.-

much more rapidly from these T-shaped dipoles than from a single aligned dipole. One expects this behavior to

occur for any case where contacting dipoles are asymmetrically arranged.

DISCUSSION AND CONCLUSIONS

We have shown by a moments method calculation thatt C.

1. Interactions between dipoles reduce the current per dipole, and thus reduce the energy absorption In the

dipoles.

2. Short dipoles have a shorter range of interaction, and thus can provide space for more scattering and

absorbing elements in a given volume.

3. A perpendicular dipole In proximity to the illuminated dipole (aligned with the incident field), but not in

contact with It, has no effect on the scattered field. However, perpendicular dipoles touching away from

their centers have reduced interaction range.

These results imply that small (e.g•, Rayleigh) and randomly oriented dipoles in coatings and/or clouds will be

more effective than resonant or long aligned dipoles. Also, there Is a tradeoff to be made between high and low
conductivity of the dipoles depending upon whether one 3 optimizing scattering or absorption.
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DOUBLE SCATEIRING FROM CYLINDERS AND SPHEROIDS

RICHARD D. HARACZ, LEOHARD D. C•HEN AND ARIEL COHEN
Department of Physics and Atmospheric Science

Drexel University
Philadelphia, Pennsylvania 19104

ABSTRACTI ,oThe perturbation theory for the double scattering of light from finite cylinders and spheroids is

* described for the range of wavelengths satisfying ka(m-l) 1. Significant differences are noted at

* large scattering angles. The special geometry for double sc'.t•ring is also described, and it requires

the ability to describe single scattering with all directions ranA~aly oriented.

INTRODUCTION .

Finite cylinders and spheroids are compared to test the possible effect of edge effects on the

scattering amplitudes. The theory for this application follows the Shiffrin method1 modified by

S Acquista2 and applied to cylinders and spheroids as described in Hasaes, L. Cohen, and A. Cohen? The

perturbation theory is used for ease of calculation, but necessitates the restriction ka(m-l) < 1, where

m is the Index of refraction, k the wave number and a the radius of the target.

We will also discuss the particular geometry for double scattering for finite targets with a

symmetry axis and indicate the constraint imposed by intinite cylindrical targets. The ability to do

double scattering Implies the ability to describe the scattering processes with all directions (liht*

directions and polarisation) perfectly random. Thus, not only can multiple scattering be handled, but

also scatterin% from clouds of randomly oriented particles.

We will also discuss the constraints imposed an the double scatterrsg geometry by infinite

cylinders. This latter applicatior. has the advantage of being described by an exact theory that holds

for all sizes and indices of refraction. In additio , the results for infinite cylindershave recently

4
*- been shown to agree well with scattering from long cylindrical metallic wires.

COMPARISON OF FINITE CYLINDERS AND SPHEROIDS FOR SINGLE SCATTERING

"" As described in Ref.3, finite cylinders are compared for aspect ratios from 1/2 to 5, for equal

3: volumes of about 2 ýnm) , ardindex of refraction m - 1.33 (to compare the spheroid resulLs with the

*• res'1lts of an exact theory), and k - 1.
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a) Finite Cylinder

The target frame of reference is defined by the incident direction of light (zb), the target axis

(ZA). and the direction perpendicular to this plane (xo). The Yo axis is in the ZO-zA plane.

The first-order contribution to the scattered wave in the target frame of reference is then given by

4¼(~t,)A - ( >~ 2 4 -a'.--

where the quantity in parenthesis is a projection of the scattered wave that is transverse to the scat-

tered direction tAB" The vector K A is

e'AA
l ¢, ~- __"_ A8  .a -

=-a

where

/2. (x 4))

with

a - radius, h - height of cylinder,

- component of x parallel to zA,

x. component of x perpendicular to ZA*

and the polarization matrix is derived in the electrostatic limit as:L
• :: ~(,) - '•

r" 
%

described in Ref.3. The second-order term in the perturbation theory is also described in this refer-

ence.

b) The spheroid.

The first-order scattered wave from a spheroidal target has & similar form, but in this case the

pupil function has the form

Aer) V 'K Ord ~ A&) A

V if= (xr'- 4)1 ,
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with V the volume of the spheroid and f the eccentricity. The polarization matrix has the terms

(prolate)

rA 1-0-4

47,- a 1* .t.J '-,)((,- :9 i' * Ii "

with

u :/e o"C

c) Conclusions.

Typical results of this comparison is shown in Fig.2 (normal incidence, polarization parallel to

axis of symmetry). A study of results such as these indicates the following,

(1) The perturbation theory through the second order agrees well with the theory of Asano and 1%

5 6Yamamoto. The second-order correction is no larger than about 202 for the cases chosen in Raf.3.

(2) The results for the cylinder and spheroid, though similar, differ at large scattering angles.

(3) The differences noted could be significant for double scattering where one must include all

orientations of the symmetry axes.

DESCRIfTION OF ThE GEOMETRT FOR DOUSTZ SCATTERING

The double scattering events are shown in Fig.l. The incident wave0 i* linearly polarized. The
0

direction of the incident light is z 0 and the direction of the scattered light is zAB. The plane formed

by these two directions is called the reference plans. The direction perpendicular to the reference plane

is called Xo, and the reference frame is x0 , Yo- zo" The incident wavefront is in the (xy)0 plane and

its polarization makes an angle of a with xO.

a) The first scattering.

In our discussion of scattering from finite targets, we presented the scattered wave in the

"target frame". The orientation of the first target A is given in terms of the reference frmse by the

SA and yA shown in Fig.l. The same scene is sh.vn in Fig.3 concentrsting on target A. The

targot-A frame of reference is denoted xA' YA' ZA with aA the axis of symsetry. As the plans (sx)A

contains go, the yA axis is perpendicular to toa and it is related to the yo axis by a rotation about

t0 through the angle yA It follows that the target-A frame and the reference fram are related as
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where

isr r.

The treatment of the first scattering then proceeds by specifying the incident field in the refer-

ance frame, transforming it to the target-A frame, applying the scattering operator to get the scattered

wave in the target-A frame, and finally transforming this scattered wave back to the reference frame:

b) The se~.ond scattering.

* The second scattering is depicted in Fig.4. Again, the reference frame is defined as above. The

target-B frame is defined as for target A with a B the symmetry axis. The reference frame and the

*target-B frame are related as

sour.cef.ligh,), or t

'CI

Thus ien theon scattereng wav fromthed targ.e. Aaain , the reference frame, as trefined inseto above on&

ms trans etnd sform itse Atot the targetry frame. The satrnmtixfrargfetrB can fa8 then beaplid n

source- ofre lih)ar rlthed fial dieto is-
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c) Case of the infinite cylinder.

For an ifinite cylinder, the scattering is wall known to be restricted to a code. This situation

has bean analyzed by us for double scattering 6, shown in this reference that the angular parameters

introduced in the above discussions are related as

Ab - 91. IA&, ,

where 0A is the scattering angle. Thus the number of orientational degrees of freedom are reduced in

the case of the infinite cylinder. The details for the double scattering of light from infinite

cylinders is given in Ref.6.

CONCLUSIONS

The various theories for the scattering of light from targets with a sy try axis requires that

a frame of reference containing the incident direction and the direction of symmetry be used. In double

scattering, the directions of incidence and polarization are random, and a different coordinate system

is needed to take this randomness into account. We call this the reference frame. The description of .4.

double scattering thus involves relating the two target frames (in which the scattering matrices are

applied) to the reference frame. Triple scattering would be handled in a similar way with a second

reference frams defined (between the second and third target).

REFE.EUECIS

1. K.S. Shifrin, Scattering of Light in a Turbid Medium (Moscow, 1951; NASA TTF-477,

Washington D.C., 1968).

2. C. Acquista, Appl. Opt. 15, 2932 (1976).

3. R. Baraca, L. Cohen, A. Cohen, Appl. Physics 23, 436 (1984).

4. A. Cohen, L. Cohen, R. Haraca, V. Tomaselli, J. Colosi and K. Noeller, J. Appl. Phys.,

(to be published).

5. S Asano and G. Yamamoto, Appl. Opt. 14, 29 (1975).

6. A. Cohen, L. Cohen, R. Haracz, Appl. Physics, (to be published).

445

.-. 4

~ **~* ¶~..-g. .*. ' -* . ~ .* .* .- ' . .--U



ZO%

zoo

Esdz.

x. I-

FIG, 1 X

Eo%

446

%'l -w



.,v

10 

1
'I FIG. 2

I, VERSUS e5
10 v =4.81 #m

h/2a = 5

SPHEROID
10 ICYLINDER

0 o 120 1t

447



Z. INCIDENT

FIG. 3
ZASA

- 'A

too

B 0

FIG.43

8 448

:?.-

•..~ro A. . •



ELASTIC AND INELASTIC SCATTERING OF COLLOIDAL PARTICLES

Milton Kerker
Clarkson University

Potsdam, New York 13676

ABSTRACT .,
This paper concerns experimental and theoretical studies of both elastic and in-

elastic light scattering by colloidal particles. The work has been published or
accepted for publication as follows:

ITEM

173. M. Kerker, D.-S. Wang and C.L. Giles, Electromagnetic Scattering by Magnetic
Spheres, J. Opt. Soc. 73, 765-767 (1983).

175. C.G. Blatchford, 0. Siiman and M. Kerker, Potential Dependence of Surface-
enhanced Raman Scattering (SERS) from Citrate on Colloidal Silver, J. of Phys.
Chem. 87, 2503-2508 (1983).

176. 0. Siiman, A. Lepp and M. Kerker, Combined Surface-enhanced and Resonance-Raman
Scattering from the Aspartic Acid Derivative of Methyl Orange on Colloidal
Silver, J. of Phys. Chem. 87, 5319-5325 (1983).

177. K. Kerker, Elastic and Inelastic Light Scattering in Flow Cytometry, Cytometry 4,
1-10 (1983).

179. C.G. Blatchford, M. Kerker and D.-S. Wang, Surface-enhanced Raman Spectroscopy
of Waters Implications of the Electromagnetic Model, Chem. Phys. Lett. 100, 230-
235 (1983).

180. 0. Siiman, A. Lepp and M. Kerker, Absorption and Surface-enhanced Raman Spectra
of Silver Organosols in Ethanol, Chem. Phys. Lett. 100, 163-168 (1983).

181. H. Chew, D.-S. Wang and M. Kerker, Effect of Surface Coverage in Surface-enhanced
Raman Scattering. Interaction of Two Dipoles, Phys. Rev. B. 28, 4169-4178 (1983).

184. M. Kerker and D.-S. Wang, Comments on Intense Electrochemical SERS Signal Follow-
ing Hydrogen Evolution, Chem. Phys. Lett. 104, 5i6-519 (1984).

185. H. Chew, D.-S. Wang and M. Kerker, Surface Enhancement of Coherent Anti-Stokes
Raman Scattering by Colloidal Spheres, J. of the Opt. Soc. of Am. 1, 56-66 (1984).

186. K. Kerker, An Electromagnetic Model for Surface Enhanced Raman Scattering (SERS)
Accounts of Chemical Research, Accepted.

188. M. Kerker, 0. Siiman and D.-S. Wang, Effect of Aggregates on Extincticn and
Surface-Enhanced Ranan Scattering Spectra of Colloidal Silver, J. of Phys. Chem.,
Accepted.

189. 0. Siiman, R. Smith, C. Blatchford and M. Kerker, Combined Surface-enhanced and
Surface Resonance Raman Spectra of Dabsyl Aspartate Adsorbed on a Silver Elec-
trode, Langmuir, Submitted.

The papers listed in the abstract indicate that our main effort has been to study

both experimental and theoretical aspects of surface-enhanced Raman scattering. We

will review only one of these aspects in this report (#188), leaving it to the reader

to pursue the others in the published literature.

The preponderant current view is that the major contribution to SERS in due to

the local electromagnetic field enhancement associated with resonant excitation of
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electron oscillations, otherwise termed surface plasmons. Although the vast majority

of experimental studies have utilized other substrates, colloidal particles are

uniquely advantageous for theoretical analysis and it has been possible to expand upon

classical light scattering theory in order to articulate an electromagnetic field

theory of SERS. Not only has it been possible to predict the magnitude of the enhance-

ment in agreement with measurements but this electromagnetic field analysis also

depicts the remarkable dependence of SERS on the optical properties and morphology of

the colloidal particles and in turn upon the excitation wavelength. The colloidal

model may be considered prototypic of other substrates for none of which has it been

possible to derive a definitive theory. Yet we had noted in an earlier paper a dis-

cordant aspect which suggested the possibility of a discrepancy between the experi-

mentally obtained and theoretically calculated SERS excitation spectra and also between

the former quantities and the measured extinction spectra. The silver hydrosols

studied contained small, appioximately spherical particles with average diameters as

estimated by electron microscopy ranging from 10 to 40 ram, varying degrees of poly-

dispersity and a small fraction of aggregates, depending upon method of preparation.

Theoretical analysis indicated that these systems should exhibit a pronounced extinc-

tion peak at about 400 nm, which indeed was observed, and that the SERS excitation

spectrum should also peak at about this wavelength, even for systems having a rather

broad distribution of spherical particle sizes. However, we were unable in our labo-

ratory to extend the SERS measurements to wavelengths as low as 400 rn, where the

extinction peaked, but in every case a large enhancement (>105) was observed which

peaked at 500 rum or higher. Although the magnitude of the peak agreed with theory its

position at longer wavelengths required an explanation.

Measured extinction spectra and the corresponding SERS excitation spectra are

plotted in Fig. I for four representative samples. The extinction spectra each have a

major peak near 400 rm and in addition there is the development of an increasingly

pronounced shoulder and then a second maximum as one proceeds from curve 1 to 4. This

secondary feature moves from about 475 to 520 nm, and it is characteristic of particle

aggregation, particularly chain-like aggregation as noted by Blatchford, Campbell and

Creighton. Indeed, the preparation depicted by Curve 4 was obtained by coagulation of

a more narrowly dispersed sol by bringing it to pH 3.5 upon addition of H2 SO4 .

The accompanying SERS excitation spectra on Fig. 1 are plotted using an arbitrary

scale since the absolute enhancement was determined only for Curve 1 (peak value 4x10 5 ).
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In each case the peak in the SERS spectrum occurs at a wavelength similar to that for

the shoulder or secondary peak in the corresponding extinction spectrum. As already

noted, we were unable to extend the Raman measurements to the 400 nm wavelength region

where the major extinction peak occurs.

These results in themselves create no dilemma in the cases of Curves 3 and 4 in

which the pronounced shoulder and secondary maximum indicate a significant number of

aggregates, perhaps sufficient to give rise to the corresponding Raman enhancements.

Linear aggregates would be expected to display a similar red shift in both extinction

and SERS.

However, the problem which appeared to present itself was that the absence of a

pronounced shoulder at 500 run in extinction curves 1 and 2 did not seem consistent with

the measured SERS excitation profile. We surmised, based on these extinctions, that

there could hardly have been a sufficient number of aggregates to give the large (0105)

corresponding enhancements. That surmise appears to have been erroneous as calcula-

tions,which we now present, indicate.

These calculations utilize the formalism for SERS by spheroids described earlihr

and a standard calculation of the extinction cross section. Mixtures of three classes

of silver particles dispersed in aqueous medium have been assumedt (1) 5 nm radius

spheres, (2) 2 to 1 axial ratio prolate spheroids having double the volume of the

spheres and 3 to 1 axial rate prolate spheroids having triple the volume. The Raman

shift was taken to be 1400 cm"I. These spheroids were presumed to simulate singlets,

doublets and triplets (linearly aggregated). The computed extinction and SERS excita-

tion spectra are shown in Figs. 2 and 3 for four mixtures shown in Table 1. The

results suggest that the measured SERS excitation spectra and extinction spectra are

consistent with each other and with the theoretical model.

Consider iai any real system, that there will be a distribution of singlet parti-

cle sizes which upon coagulation would give rise to a still more complicated distribu-

tion of doublets and triplets, that the coagulation kinetics for such solid particles

in an electrolyte media is not well understood, that the orientation distribution of

the mu]tiplet particles must be considered and that the spheroid configuration is only

an approximation to the coagula. Thus it seems reasonable that the trimodel curves
shown in Figs. 2 and 3 can only be considered approximation& more smoothed relations

S..o

for real systems. Yet these curves offer insights.
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For the curves D, C and D shown in Fig. 2 the ratios of major peaks to the first

secondary peak are 45, 14 and 4.5 bracketting the corresponding ratios at these wave-

lengths of 17 and 12 for the xperimental curves 1 and 2 in Fig. 1. Within the crude-

noes of this model, as has just boon noted, these experimental extinction curves are

reasonably consistent with a very small number of aggregates, comparable to row C in

Table 1, e.g. 5% doublets and 0.5% triplets. Yet such a small fraction of aggregates

still gives rise to enhancements in the range 105 to 106 shown in curve C of Fig. 3.

And these are the values that have been observed experimentally. Indeed, so effective

are such aggregates in prom.cinqg 2flM that even with only 0.5% doublets and 0.02%

triplets, calculated enhancements greater than 104 are obtained (see curve A of Fig.

3).

The conclusion from this calculation is clear. Strong red-shifted SERS signals
may occur in the presence of a very small fraction of aggregates even when this number

of aggregates is insufficient t) give a significant shoulder on the extinction spectrum

at the corresponding wavelength.
45
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TABLE I

FRACTIONAL COMPOSITION FOR SYSTEMS
SHOWN IN FIGS. 2 AND 3

CURVE SINGLETS " DOUBLETS TRIPLETS

A 0.989 0.005 0.0002

B 0.942 0.026 0.0021

C 0.882 0.051 0.0054

D 0.755 0.101 0.0144
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FIGURE 1. Measured extinction spectra and cor-

responding measured SERS excitation spectra for
four Ag hydrosols (arbitrary units). 7.1
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Absorption and Scattering by Aggregated Aerosol Particles

by
J. R. Aronson, A. G. Emslie, I. Simon and E. M. Smith

Arthur D. Little, Inc.
Cambridge, Massachusetts 02140

; ~~ABSTRACT ,;

This paper concerns the extension of a theory of particulate scattering to the difficult case of

aggregated aerosols. Photoacoustic measurements of absorption and scattering in the infrared an T

visible spectral regions have been made for S1O2 ana C smokes to test the validity of the theory. This

work was presented as:

J. R. Aronson, A. G. Emslie, 1. Simon and E. H. Smith,

"Scattering and Absorption by Aggregated Aerosol Particles,"

1984 CRDC Conference on Obscuration and Aerosol Research, June 1984.

This is a progress report. Further measurements and refinements are continuing.

I. INTRODUCTION

The problem of scattering and absorption by particles is presently well understood in terms of Mie

theory for spheres and similarly for cylindersI and spheroids2 . There is presently considerable work

going on utilizing more approximate methods for irregularly shaped particles3. Roessler and Faxvog

have investigated the absorption and scattering of carbon smokes 4 ' 5 and found that the Mie theory

could adequately explain scattering and absorption by smoke particles (which are believed to be

largely chained aggregates) by treating thein as spheres if one worked only at visible wavelengths.

However, attempts at treating infrared measurements by the same method failed.

We concluded that a viable approach to the problem of scattering by aggregated aerosols might be made

by treating the aggregate as an individual particle having effective-medium optical constants6

established by the ootical constants of the material and its volume fraction within the aggregate.

A similar approach had been previously used by us for fine particle soils with sot.e success7 . We then
4.,.

proposed that the gross characteristics of the aggregate could be handled by our previously developed

theory'9 in much the same way as we had handled irregularly shaped particles in the past. In order

to guide and validate the theoretical treatment we proposed to use photoacoustic spectroscopy with

455

-vow



He-Ne and CO2 laser sources operating in the visible, near-infrared and mlI-infrared spectral

regions. The reason for the choice of the photoacoustic method was principally that it permits one to

obtain a scattering coefficient without the use of an integrating sphere, as would be necessary with

standard infrared methods.

II. THEORETICAL APPROACH

Our previous theoretical treatment has been described in the literature quite fully8 ' 9 . We needed to

modify our theory in several minor ways, however. As most of the particles are small compared to the I'.

wavelengths in question (infrared) we only modified our fine particle theory, which for globular

aggregates consists of a Raleigh scattering calculation using the effective optical constants of the

medium. For fibers we used our treatment described previously 10 if the length of the fiber was not

8.9
small compared to the wavelength and our usual treatment 8 ' 9 if all dimensions of the fiberwere small.

As we rarely have fibers larger than the wavelength we only needed to Implement this portion of the

computer program for those fibers which fell within the region to be bridged by the two theories. As

shown in our previous work, bridging is useful in the intermediate region; therefore, a bridging

formula such as the one previously used11 was also implemented.

III. GENERATION OF AEROSOLS AND ESTIMATION OF THEIR PARAMETERS

The two types of aerosols we studied in this work were acetylene-flame smoke and pyrolytic-silica

smoke. Both consist of Small primary, nearly spherical particles of the pure substance (carbon,

silicon dioxide) coagulated into larger aggregates of various configurations.

A. Acetylene Smoke Generator

5L

The apparatus used to generate the carbon aerosol is similar to that described by Roessler5. Acetylene,r

is mixed with air in a closely controlled proportion in a burner with a 1.0 mm dia. orifice mounted

"In a vertical chamber of N15 cm diameter and'g90 cm height. The laminar flame is approximately 15 to

20 cm high and under proper conditions (around' -0.5 air-to-gas ratio by volume) produces dense carbon

aerosol throughout the chamber. Some of it is lead from the chamber into the photoacoustic cell and

to the sampling filter (Nucleopore, 0.1 pm pore size) for subsequent electron microscope examination.

The aerosol could be diluted, if necessary, by air added to the stream.
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B. Silica Smoke Generator

The apparatus used to generate silica aerosol is similar to that described by Kanapilly1. Tetraethoxy-

silane is carried by nitrogen gas from a glass bubbler, mixed with humidified air, and reacted in a quartz

tube at 6700 C. A dry-ice trap removes condensable reaction products. The aerosol could be diluted with

air and a downstream pump causes the aerosol to flow to the photoacoustical cell at a constant rate of

about 1 I/min. '.

C. Smoke Parameter Estimation

In order to carry out our theoretical simulations it is necessary to obtain estimates of the aggreý vi f

dimensions and porosity, and number of aggregates per unit volume in the sample space. The former are

accomplished by electron microscopy and tVl . t ter by weighing collected samples on Nucleopore filters.

The latter required about 15 to 20 minutes cc a flow rate of 1 i/min. An opacity monitor measuring the

optical density of the smoke (in visible liciht) was used to monitor the rate of carbon aerosol generation.

Having calibrated the opacity vs. the gravimetric mass concentration, we were able to use the former in

the later runs for estimating the mass concentration without having to collect samples for long time

intervals.

We categorize the particles as spheres, ellipsoids and cylindo's and measure appropriate dimensions for

each. In order to estimate the porosity of the soot particles, , "'amine the TEM grids from the filter

at magnifications of 40 to 120,000. Areas of photographs of these are then selected where we can estimate

a volume, count the number of subparticles in it, and thence calculate the porosity. For silica smokes

we used the SEM photographs at 5000 magnification both to determino the dimensions of the particles and

the dimensions of individual spheres that make up the filamentary particles. I"= latermined that for this

we needed to make the measurements using stereo pairs of photographs since the filaments tend to project

at various angles from the filter surface.

13
As a consequence.of the well known uncertainty of optical constants for soot we chose to make our experi-

ments with an acetylene-based smoke known to be principally pure carbon, and to use the dispersion theory

formulation of Lee and Tien 14 as the best values we could obtain. Clearly, any errors which result from

having 'nappropriate optical constants will be difficult to track down. For silica smokes the problem

is less severe, but it does occur, and we chose to try values obtained by ZolotarevIS and those obtained

Hufa16by Huffman. Somewhat better simulations were obtained using the latter, principally at 10.6 to.
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IV. PHOTOACOUSTIC MEASUREMENTS

The photoacoustic method is particularly suited for the determination of absorption and scattering

because the photoacoustic effect arises only from the radiation absorbed by the aerosol particles

and converted to heat; the radiation scattered by the particle does not contribute to the acoustic

signal. This circumstance makes it possible to separate the two components making up the extinc- -

tion of the radiation propagating through the aerosol.

The photoacoustic effect 1 7 is a thermal phenomenon in which periodic heating of a gas manifests

itself by corresponding periodic pressure variations detectable by a microphone coupled to the r
absorption cell. In an aerosol we assume that the heat is generated by absorption of the radiation

in the particles only, but is transferred rapidly to the gas, which in itself is perfectly el

transparent. The condition for rapid heat transfer between the particles and the gas is that the

time constant Tfor the heat transfer be shorter than the period Ta of the acoustic frequency used

in the experiment. For spherical particles the heat-transfer time constant was obtained by Chan 1 8

as
T 2a aCp0pl3 K, (I)

where a is the radius of the particle, C Is its specific heat,o its density and Ka is the

p pa

thermal conductivity of the air. For carbon particles of radius I Pm in air we find

-5
T - 2 x 10 sec while the acoustic period at our operating frequency (150 Hz) is

Ta -6.7 10 sec. Thus the condition for rapid heat transfer is satisfied and the determination S.-

of the absorption from the corresponding photoacoustic signal is undoubtedly valid.

The determination of scattering is somewhat less certain, depending on the assumptions made about

the scattering parameters of the particles constituting the aerosol. Basically, it is necessary

to determine the total extinction c and then obtain the scattering by subtracting the absorption

from it
S * £ -a. (2) *..--"

If we assume isotropic scattering we may determine c either by measuring the optical extinction

of a collimated beam of radiation passing through the photoacoustic cell of length L (single

path method)
r1 "(n1ol)3) ...

S.'.

or by passing the beam through the cell twice (forward and back again) and measuring the two

acoustic signals S1 and S2
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I2 u In [t 2r Sl/(S2 -S) (4)

where tis the transmittance of the cell windows and r is the reflectance of the retroreflecting mirror

(double pass method).

The experimental apparatus used in our measurements can be described following the diagram in

Figure 1. The photoacoustic cell is a copper tube 1.10 cm I.D., 51.7 cm long, provided with barium

fluoride windows (W) inclined at the Brewster angle. The tube is blackened inside to minimize the

reflection of scattered radiation. The valves on the cell provide for filling it with the aerosol

and for subsequent flushing with dry nitrogen. They are closed during the measurement in order to .

minimize the acoustic noise. The microphone M picks up the acoustic pressure variations and delivers

the signal, via preamplifier PA to the lock-in amplifier LA where it is filtered and synchronously

demodulated. The phase reference is derived from the optical chopper which modulates the laser beam

at 150 Hz. The photoacoustic cell is operated well below its fundamental resonance frequency

(320 9z).

Two lasers can be used alternatively; a Jodon He-Ne laser for operation at three wavelengths:

0.633, 1.15 and 3.39 1m, and a Laakman CO2 laser, at about 28 wavelengths between 9.7 -- d

10.63 un. The waveguide type, rf-exciLed CO2 laser is grating tunable and has a beazv output

up to--2 watt (cw). It is stabilized by a cavity servo control system which maker ,. le to lock

in on any selected line in the 9 to ii on vibrtional-rotational bands of spectrum.

The He-Ne laser is of the dc-plasma discharge type and produces the visible Y, 4diation at

0.633 )'m with a '-20 mW (cw) power output. With other sets of cavity mirrors optimized for the

infrared emissions it delivers 16 mW at 1.15 i'm and 1,6 mW at 3.39 mn.

The CO2 laser beam has an angular divergence of 3 to 5 millirad (the He-Ne is much less) and is

sufficiently narrow to pass through the cell without grazing the walls. However, for the double-pass

operation, it is necessary to narrow down the beam which is accomplished by use of a long focal length

concave mirror MZ. A spurious acoustic signal generated by the laser beam passing through the cell

windows was occasionally troublesome, in particular, when the signal from the aerosol was very weak. 7
Therefore, we subtracted the "empty cell" signal from that received from the aerosol.

The laser beam power is measured by a theromopile power meter P. normally placed behind the cell,

as shown in Figure 1. For the double-pass measurement the puwer meter is removed from the beam path.

The photoacoustic responsivity of the cell is determined by filling it with an IR absorbing gas
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(ethylene-niirogen mixtura) and measuring the acoustic signal corresponding to a given beam power.

The responsivity was, typically 1'100 mV/W.
S".

In the course of this work we routinely used both the single and double pass methods for the determin-

ation of absorption and scattering coefficients. However, the data presented here were obtained by

the conventional single pass method since we found the double pass method to be more-susceptible to

experimental errors associated with the reverse beam operation.

V. RESULTS

Tables 1 and 2 give a summary of our experimental results together with the measured parameters and

theoretical simulations. Simulations have been mnde for those cases (infrared) in which the theory

is believed to be applicable. We did not attempt to model ellipsoids large compared to the wavelength

as our objective was to deal with infrared measurements of aerosols, and such large particles are

unlikely to remain airborne. The mixtures of shapes that were found in our experiments were modeled

by calculating individual absorption coefficients and scattering coefficients (K's and S's) and adding

them to get the K's and S's for the mixture. The ratios (K/S. are useful in that errors in estimation

of the number of particles cancel out.

The results obtained with carbon aerosols (acetylene smoke) are presented in Table 1. At the 10.5 Pm

wavelength the theoretical values of the absorption coefficient K are reasonably close to the measured

values and their mean value is also close to that obtained from the data of Roessler and Faxvog4 at

10.6 um. The calculated values of the scattering coefficients appear to be systematically smaller than

the experimental values, but the latter seem to be very close to those obtained from Ref. 4. The

experimental K/S ratios are seen to be always smaller (12 to 3 times) than the theoretical ones. At

the 3.39 pm wavelength the only case theoretically modeled is in good agreement with the experiment.

The results of measurements in the visible at (0.633 um) are shown only for general interest and for

comparison with literature values. No comparison was made with the theory as that was deemed

unwarranted. ( <D).

We are uncertain as to the principal causes of the disagreement between the theory and the experiment,

but we note that the poorest known parameter is the porosity of the aggregate as this Is very

difficult to estimate from the TEM and SEM photographs. Figure 2 shows that this parameter can have a

very significant effect. For the given specific case K/S can be either greater or less than unity
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depending on whether the porosity of the aggregate is estimated to be greater or less than -.0.3. While

our work and most of the literature shows K> S it should be noted that Dugin, et a1 19 found the

reverte for carbon smoke.

Table 2 summarizes the results obtained with the silica aerosols. The measurements in the infrared

were made at 9.3 and 10.5 um and in both instances the agreement with the theory is reasonably close

only for the K/S ratio. The absolute values of K and S seem to be greatly underestimated by the

calculation as compared with the experiment (possibly with the exception of the case at X= 9.3 um).

In the visible ( A= 0.633 Pm) the theoretical values of both K and K/S are smaller than the experi-

mental ones, contrary to all other cases. It is to be noted that in this case we find (K/S) I1 both

by the theory and the experiment in agreement with expectation.
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PROGRESS IN RESEARCH ON WAVE PROPAGATION AND SCATTERING
IN DISCRETE RANDOM MEDIA USING MULTIPLE SCATTERING THEORY

V.K. Varadan and V.V. Varadan b..

Department of Engineering Science and Mechanics
Wave Propagation Laboratory

The Pennsylvania State University
University Park, PA 16802

ABSTRACT
[, This paper is concerned with a propagator model for multiple scattering and wave propagation in
* discr(te random media. The coherent and incoherent intensity of a time harmonic electromagnetic field

in such a medium are calculated and compared with available experimental results showing good agreement.
This w rk has been published and submitted for publication as follows:

V.V. Varadan and V.K. Varadan,"The Quasi-Crystalline Approximation and Multiple Scattering of Waves
in Random Media", IEEE Trans. A and P.,submitted for publication.

V.K. Varadan and V.V. Varadan, "A Propagator Model for Multiple Scattering and Wave Propagation in
Discrete Raadom Media", Radio Science, submitted for publication.

V.K. Varadan, Y. Ma and V.V. Varadan, "Coherent Electromagnetic Wave Propagation Through Randomly
Distributed and Oriented Pair-correlated Scatterers", Radio Science, in press.

- V.- " "radan, Y. Ma and V.K. Varadan, "Frequency Dependence of the Attenuation of Electromagnetic
S....n Media with Anisotropy induced by Microstructure", IEEE Trans. A and P., submitted.

INTRODUCTION

We consider the propagation of plane coherent electromagnetic waves in an infinite medium containing

identical, loss-lees, randomly distributed particles. Our aim here is to characterize the random medium

by an effective complex wave number K (which would be a function of particle concentration, the electri-

cal size, and the statistical description of the random positions of the scatterers), and to study both

coherent and incoherent intensities as a function of frequency for various values of concentration c

(the fractional volume occupied by the scatterers). Although the formulation is generally valid for non-

spherical, aligned or randomly oriented scatterers, initial calculations are confined to spherical

scatterers which generally gives L better picture of the order of magnitude of the different contri-

". butions to the intensity without the additional complications of non-spherical geometry and orientation.

Extensive work by Tw•ersky- 2 has laid the foundation for multiple scattering theory in discrete

random media. A related approach using the T-matrix of a single scatterer together with configurational

averaging procedures, has been used by the authors to develop a computational method for electromagnetic -.

3-4wave propagation problemsin inhomogeneous media-. Lax's quasi-crystalline approximation (QCA) is used

in conJunction with suitable models for the pair-correlation function to obtain an effective wave number

K(-Kl+iK2 ) whi-h ia complex and frequency dependent. The real part Kl is related to the phase velocity

while the imaginary part K, is related to coherent attenuation. In this paper, we present a propagator

3-4model which is shown to present the same dispersion equation as the one obtained in our previous papers _

In addition, this model enables us to compute both coherent and incoherent intensities for more realistic

-4
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geometries without much difficulty.

PORIMULATION

Consider wave propagation in an infinite medium of volume V . e containing a random distribution

of N scatterers, N 4 m such that no a N/V, the number density of scatterers~is finite. Plane harmonic

waves of frequency w propagate in the medium and undergo multiple scattering. Let , i". BI, and

denote respectively the total field, the incident field, the field exciting the i-th scatterer and

the field scattered by the i-tb scatterer. Then self consistency requires th following relationsbips

between the fields 3,4

i-I "

and

The configurational average of the total field results in

<E(r)> - () + E an p(ri) dr1I on n n I

+ E V T , T ,,,,Ou (r-r Y) (r) a! p(r) p(•r) p('r'r dr dr . (3)
I . onn' n" n n 1 d'i j i

In Eq. (3), T,, is the T-matrix of an isolated scatterer, a are the known coefficients of
n

expansion of the incident field at the site of the i-th scatterer, a ,(r) is the translation matrix

for vector spherical functions and describes the propagation of waves from ri to r•. The functions

p(rj), P(r'j I i)... etc. are the aingle particle, two particle conditional probabilities distribution

* functions. We have shown that invoking the QCA implies that the coherent field and the resulting

dispersion equation were limited to terms of the form

< .-E- + +
QCA (4)

whr

Where • denotes positional ccrrelation between two scatterers. It is clear from the diagrams

that each scatterer participates only once in a given term; there is no back and forth scattering,

all scattering is sequentialand only sequential positional correlations are allowed.

Introducing spatial Fourier transforms of the translation matrix a and the radial distribution
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P(.*~l 1 (*j V/2
functions g (given by P(r - g8 (r)) which are denoted by o (K) and j (K), respectively, and

using the convolution theorem, we obtain

�n(-- 44 f iK" (r-r 2) 2 (2) d dd (5)
<Er>- E (r) + Ou *J (r-r) Tnn n Jtl-no U MK TI1~ e a, dK dr1  r (5

This new form of the average field can be interpreted as an incident plane wave propagating through

- -1an effective medium of propagation constant K and propagator (1-n 0£ (K)T] undergoing scattering
0

from a particle at r1 and then propagating to the observation point r with the wave number of the host

medium. The dispersion equation in the model medium can be obtained by setting the determinant of the

propagator equal to zero:

1 -n T-•(K) T. 0 (6) --

This equation ts identical to the one obtained by us earlier using the self-consistent multiple

scattering approach, see Ref. 4.

The field fluctuations At may now be given by

4 -*4

E E -<> (7)

and can be represented as a multiple scattering series which may be represented by the following diagrams

where - denotes propagation of the field from one point to the other and 0 denotes a scatterer.

If two or more scatterers are enclosed in an area,such as - •, ,arbitrary multiple scattering

any number of times and in any order can go on between scatterers 1, 2 and 3.

Along these lines, we define the incoherent intensity or the spectral density G (R,,w) at position

R, for field polarization in the direction t:

G (R,w) >!<

- + + + * -.

+ + + *- -*. "

-.o_

P-+(8)

+ + +
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The first set of the above diagratL represente a partial summation of QCA type terms incorporating two

body correlations while the second set represents the conventional ladder diagrams. In both sets of

diagrams, we can use so called "dressed propagators" obtained from Eq. (6) between scatterers instead

of "bare propagators". This means that K from (6) can be used as the wave number characterizing the

medium between scatterers involved in calculation of the spectral density, i.e., the other scatterers

that participate in only one or other of the field lines are averaged over separately and replaced by K.

NUMERICAL RESULTS

The numerical procedure is described in detail in Refs. 3-4, and will not be repeated here. The

effective wave number K(-K1 +K2 ) is computed for Revacryl spheres in distilled water for a range of

frequencies and concentrations of scatterers. The real part K1 is related to the phase velocity while

the imaginary part K2 is related to coherent attenuation. We have also calculated the coherent and

incoherent intensity for electromagnetic wave propagation through ice particles (c - 3.168) in free
r

space using the first term of the two series of diagrams given in Eq. (8).

In Figs. 1 and 2, the real and imaginary parts of the wave number are compared with the

6
experimental measurements of Killey and Meeten . In Fig. 3, calculations of the coherent intensity

for a suspension of Revacryl spheres in distilled water show excellent comparison with measurements

6
o1 Killey and Meeten

In Fig. 4, the incoherent intensity is plotted as a function of ka for c - 0.0524 and for various

angles e. It is interesting to note that as ka increases, the leading term of the incoherent intensity

approaches a constant value for all values of 0. Figure 5 displays the incoherent intensity as a

function of the observation angle 0, and the intensity reduces to zero at e - 90' as expected.
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1.41 REVACRYL DISPERSIONS IN DISTILLED WATER
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RADIATIVI TIAUM8FI BY CLOUDS O CONDUCTIVE FIB1IR

By

Peter C. Waterman
Jeanne C. Pedersen
Norman 1. Pedersen

Fanametrics, Inc.
221 Crescent Street
Valtham, MA 02254

ABSTRACT

This paper is concerned vith radiative transfer computations for a cloud of

randomly oriented conductive fibers. This and related work has been presented, pub- P

lisbed, and subuitted for publication as follovw:

Peter C. Vateruan, "Matrix-ezponential Description of Radiative Transfer," J. Opt.

Zoc. An. L1, 410-422 (1981).

Pettr C. Vaterman, Jeanne C. Pedersen and orsman 1. Pedersen, "Computation of

Radiative Tran.pgrs" Proceedings of the 1983 COL Conference on Obscuration and Aerosol

Re.-arch, submitted September )983.

Peter C. Vaterman, Jeanne C. Pedersen and Norman 3. Pedersen, "Radiative Transfer

b) Clouds of Conductive Fibers." 1984 CIDC Conference on Obecuration and Aerosol

Researcb, June 1984.

Norman 1. Pedereen, Jeanne C. Pedersen and Peteat C. raternan, "Final Report on

Tbecretical Study of Single and Pultiple Scattering by Cylinders," Panamettics, Inc.-

[September, 1984).

Altbou~b siome f..rtbeL4 evelopment is planned, the associated computer progreas are

now developed Lc- the point where specific applications itvolving fiber clouds can be

investigsted.
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for the pest several years. under ooatraot to CRDC, Pasnaetrics has been engaged

in a program to compute the electromagnetic sosttoring and absorption behavior of smail

lousy conductive fibers, and subsequently to oompute the radiative transfer (RT).

properties of a cloud of such fibers. The present report describes resent theoretical

results. and shows some typiocl numerital results for transoitted and reflected angular

istessity patterns associated with fiber clouds.

Resent resulto associated with the single fiber soatteriag problem ore presented

elsewhere is those Proceedings. A more detailed and comprehensive desoription of both

aspects of the problem is liven in the final report. 1

2* Oristiatiot Avsraaaa ".

le are interested is the radiative trassfer properties of a aloud of rasndomly

oriented fibers. Thus, the first step in the analysis involves orientation averaging

of the single-fiber differential soattering patterns. If i (6,F) is a unit ,ostar

along the fiber aeis, with spoerieal eagles u.0 relative to a fixed cartoeiss coordinste

system, for a linearly polarized incident wave sie alons the positive a direction we

have *diff - *diff (6,O,O.). San the orientation-averaged differentibl scattrinag

pattern is liven by

21r ito° -•

0 diff ( 4) - (i) dcx d~einB Odiff (a,•,O,4) (1
0 0

Mote that striotly speaking it is nlse• neooesary to average ever the polarizstion

asntes of the iseidest $ @ seatterod waves. asseuse we &re only istereeted in sealer

intensities, however, it sulfiese to shoose the iscidont polarisatios is the plane of

iseideose (pleSA formed by the tiber &ad the dizeetios of incidenoc). The seattered

intessity is thee takes without regard to its polarization. It i snot diffieult to

verify that thit simplification does got affest the anglar depeadense of the result.
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The scattering pattoers at* actually oomputed is fiber coordinates. i.e.. Evn terms

of the lgal s o fi - ^-Jost formed by the fiber and the observatioe dirotion o0 ;

(0.0). The &all* O easn be expressed in torso of the orientation angles by notinlg

that

Coo - *in 0 $is 0 osa (0-a) + ooGas 0 Cos (2)

we see that the 0-depoadenoo drops oct durial the intogration. so that the resulting

pattern, at. (1). is rotationally sysmettic.

The short-fiber limit kk (< I (h - half-lnagtk of fiber) provides a *soetl hoeek

on the oompstatioa. In this limit we Gan assume that the axial current induced in the

fiber is proportional to ;i'Pp - sin p and that the Gorrosponding scattered amplitude

is given by sinp aim Of, so that

adiff " o (ein'n sin ,f (3))

where @0 is the maximum Gross section obtained at broadside isniden•e sad observatioa.

PuttinAg this oapression in £q. (1). aP4 dividia# by a factor of 4 to correct for not

S oaveraging over ianident and received polarisation, gives finally

-2

Odiff/o - (1/30) (3 + cos 0) (4)

This S + oos2 0 anguist dependence oonstitstes a mew iemoentary scatteror for

radiative transfer. whisk might be called the Rayleigh fiber. Note that it falls

iatetmedtato relative to the isotropic and Rayleigh sphoto (1 + oos2 0) *sees.

MNuerical computations of orientation-averaged scatterina from perfectly conducting

fibers are shown in Pig. 1 for several values of kh (for olarity nornalinso to 4 in

the forward direotion p - Css 0 - 1). The uppermost curve Is the Rayleigh fiber

pattern of Sq. (4). and one n&at* that the nunbteisl resoslts oeverge smoothly to this

limit for kh (( 1 (the kh - 0.1 Curve, not shown, is indistiageishablo). As kh boeomes

roeater than snity a siganifiosat peak is seen to develop in the forward direation.

typical behavior for soatterets whon dimensions are not small compared to vevolonagth.
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Fig. 1. Orientation-averaged cross sections.
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It is iatoerstiag to sote that the orieltation-average hoe bee& computed by

lorison, bet for half-wave dipoles (ki - a/2).2 Upon vOr~aginj his results over isaident

&ad received polorizatiots one obtains precisely Eq. (4). This does not age*@ with the

curve of PFi. 1: we believe that Boripon's assumption of simple cosine behavior of the

surfaee octorat for all fiber orientation* is no longer adequate at kh - u/2.

To eoasider the slab geomotzy for a cloud of randomly oriented fibers, as shown in

Fig. 2. The oloud has optieal depth a. sad one dosires to oompute the angular inten-

sitios transmitted and reflected, T(G) and R(0). respectively, as show& in the fige.sc

eo employ the doubling method. with a foarth-order starting formula based on the

matrit-eaponential desociption, as desoribed elsewhere.
3

A simple sheko is available on nmeriocol computations in the thin-layer limit i -4

1. As shows in Pil. S. the transmitted intensity per steradian in the direction --

oo 0 muest ori•isato in the differential eorn of fibers indicated. But, is the thin-

layer limit. the contribution from an element of the cone will be proportional to -.

albodo a. tke phase function p(1). and eaponential factors accountinl for attenuation

of crtiatiOn oT-r the travel path vLthin the slab. Thus, with ,I - go.

-0j) "CxLp(u) do ex e , w 0 e (5)

A similar equation oea be written down for the roflected lntonsity, and *carying out

the Lntegcations Lives

- 1 lA, (6)u~/,• '--

10j) " •ap~ j)(6

(O-e
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These last formulas ate given by ean do slest 1 5 fox the isotropic ease p(p) - 1j clearly.

from out detivation they must continue to hold for arbitrary p(p).

Intensity patterns have been computed numetioally for an optical depth a - 0.1 and

the three elementary seotterors• itottopic, Rayleigh sphere (dipole), &nd Rayleigh

fiber. Results are shown by the poiats in Fig. 4. The ooctespoadian analytie"'

a.•trozimations of Eq. (6) ate given by the solid ourves im the figure. and ezeelleat

a&reement is soee througkout. Imoideatally. Tea do B1lst gives the theozetical Vale*

K- 1/4 fto the proportionslity oonstant of Bq.. (6) and (5). We find that mush better

results ate obtained using a somewhat larger value obtained by matobing Eq. (6) to the

oonputed point tor nomtual efleotion for ttamsnission (P - ± 1). Pot ezample, for

isottopic scatterert the two computations then agree to tout sinsifieant ftigure.

ezoeptiag only the point p - -. 04762. where agreenent is slightly pooter.

a-%-

4. Numetical Jesults

Ravin$ made the above preliminary checeks we now survey a few typieal results

obtained using the fiber soattorimg computer program in oonjunotion with the radiative

transfer ptogram.

In Pig. 5 plots of the transmitted and refloeted intensities &te gives tot as

optical depth of unity, where the single seatterer is 1) isotropic. 2) Rayleigh sphere,

3) the Rayleigh fiber of Sq. (4). and 4) the short fiber (parameters as noted is the

figure). Note that. Just as was true tot the phase functions, the radiative transfer

intensities for the Rayleigh tibet fall intermediate between the isotropic sad sphere

aese. It is aleso Lterosting that the Rayleigh fiber and short dipole (hh- 0.8)

results are now i2distinluishable, even though their phase funations ate &eastrably

different (see pis. 1).

The sharp peaeks seen in the transmitted intensity in the forward direction p * 1,

of @ou@*e, represent the coherent portion of the flux (for clarity these peaks are

truncated at 1).
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Fig. 5. Transmitted and reflected intensities fo% different scatterers.
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Depeodeoao of the IT iateasities oh fiber lealth is Indloated in Pig. 6. for

faiuly highly ooadmotiag ibters. From the figure on* aea see that both the total

transmitted and total refleoted inteasity show a mild peak at about kh - 3, although

the teases for this is aot float.

Fot fixed tibet length kh - S. dependence of the IT intensities on optical depth a

is showe in Pig. 7. As onh would expeot. the reflected patterns iacreaso acuotoaloally

with z. at the same time bsooving nmor nearly isotropic. The transmitted patterns show

the same behavior is the diffusely traasmitted flux up to about a - 1, with oorrespoading

teductions in the soketeat flax (because of triscation the latter effect is not obvious

from the figure). With further increases in optical depth the transmitted flux begias

to decrease, presmnably beeause scattering and absorption mooheaLsas how dominate.

Finally. Pig. 8 illustrates the oftret of vstyins the tibet conductivity, maim-

taiming a tixed tiber length kh - 1 and optical depth x 1. both roflectod &ad

transsitted patterns ate seem to icroese monotonioally with condnutivity. both also

showing signs of saturation for the uppormost curves. which . eo ofteotively approaching

the poetfetly conduotigs limit. Again. the curvea bohave qealitativoly as would be

expected, in view of the fact that the albedo is increasing toward unity with imooeasiat

soodustivity.

The above examples illustrate the usefulness and versatility of the cosputer

programs. These programs are now sufficiently well developed to begi tuanning speeifio

problems of fractieal interest to CRDC Livolving both single- fiber seatterig eand

absorption, and the radiative tansetor properties of the eorresponding tibet clouds.
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Reflection Transmission

PARAMETERS CMKS)

Wavelength- 1.UC-96 k
kern 1.9E-41

Conductivity- I .•E•-7

kh"31 • • 
.
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Fig. 6. Transmitted and reflected intensities for different fiber lengths.
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Reflection Transmission

'I%

PFNV*CTCRS ( MKS)

Havelongthin I eUE-4S
ka- I.GC-UI
khh 3. G+69

ConIductivity-n I.GE+07
Riboda- 6.7E-Ot

0.0

Mio
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Fig. 7. Transmitted and reflected intensities for different optical depth$.
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Re# acot Ion 1i aT~ewt anfosk
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Wavelength- 1.SE-05
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£ E5

Fig. 8. Transmitted and reflected in~tensities for different conductivities.
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ZrealiU TOUGU A MtIPL, scATTz I MEtU

A. Sardeaki and B. A. W. Gerstl
Theoretical Division, NO P371
Los Alamos National Laboratory
Los Alamos, New Mexico 87545

and

J. P. ftbury
Chemical Research and Development Center
Aberdeen Proving Ground, Maryland 21010

AB8TRACT

The existing theory of imaging through an aerosol medium, based on the small-angle approximation
to radiative transfer, is extended to the general case of multiple scattering with an arbitrary degree
of anisotropy. By applying the discrete-ordinates, finite-element radiation transport code IWOTRAX,

we compute the modulation transfer function for a medium characterized by optical depth, single
scattering albedo, and a symetry parameter. An extended version of this investigation will aepear
in a 1984 issue of Applied Optics.

Sxperimental evidence1#2 strongly supports the concept of spatial-coherenoo degradation through

forward scattering from aerosols. The spatial frequency dependence of the measured modulation Transfer

Function (NT?) indicates that, aside from turbulence, multiple scattering processes can seriously limit

image resolution. The theoretical model developed by Kopeika 1 ,2 is based on the small-angle approxima-

tion to radiative transfer, which is valid for particles larger than or comperable in size to the wave-

length of the radiation. Within the context of this theory, a detailed investigation of the image

degradation problem is contained in the work of Ishimaru. 3

we extend this existing theory to the general case of multiple scattering with an arbitrary degree

of anisotropy (particle size not necessary to be larger than wavelength), by applying the discrete-ordi-

notes, finite-element radiation transport code TWOTRVN 4 to compute the NTP for a medium characterized

by optical depth T , single scattering albedo w , and asyumetry parameter g. To partially suppem s

the ray effect in the discrete-ordinates solution to the transfer equation, we separate the radiance

distribution function into unscattered (reduced) 1(0), and scattered (diffuse), ( rts

I Cr, +) ,(o)(r, () 9 !()(r, 0) (1)

We consider an isotropically emitting line source along the s-axis at the entrance plane of an x-y

slab with optical thickness - . If 8 denotes the power radiated per unit length of the source, the

spatial distribution of the unscattered radiation component within the slab is

A Stz(°) (r, ) S F
- 1,r))( (2)

Here r and - are the distance and direction vector from the line source to the point r, 0 denotes

the volume extinction coefficient, and F is the Sievert integral, defined as
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PC1P a GNxP (-p/corn 0) do (3)

The scattered radiance is then obtainod by solving numerically the transfer equation with a volumet-

ric first-oollision source, Q, given as

In Sq. (4), as is the volume scattering coefficient and p(n -0' is the scattering phase function.

For mathematical convenience we model p(Q-W) as the Uenysy-Greonatein ph&se function characterized

by a single asymmetry parameter g.

The line spread function Mxz), at the exit plans of the slab, is given as the monochromatic irredi-

ance a

M~x) I2 ~
1 

I(X9y 0 ,04*) cosesineded+ (5)

where e is the angle between an outgoing ray and the y-axis. In Figs. 1 and 2 we show the line spread

function f or two extreme values of the albedo w: w - 0.1 strongly absorbing, and W - 1.0 purely scatter-

ing. It is seen that the dominanc, of the unscattered radiation is overpowered by the scattered contri-

* bution as wa changes from 0.1 to 1.0.

Ii

* ~Figure 3 shows the mudulation transfer functions that result when a Past-Fourier 'Transform algorithm

in applied to L(x). The KT? is not sensitive to the value of w. Zn addition, the remnants of the

* ray effect displayed In Figs. I and 2 are smoothed out: when the Fourier transform is taken. The I4T~s

roll off at a frequency of the order of 1.0 cycles/red, which is consistent with formula (36) of Ref.

I* 3, derived for strongly peaked forward scattering. This low value, as stressed by Ishimaru, still 1

* allows one to obtain a good Airy pattern, provided 1(0) is larger than IW

Dy applying numerical solutions to the two-d~imensional radiative transfer equation, we thus extended

the present theory of image dsgradation by random media to the general case where multiple scattering
L

* with arbitrary phase functions can be treated. A parametric study of the wry will delineate the range

of validity of the small-angle approximation in imaging problems.
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2. N. 8. Kopeika, "Spatial-frequency and wavelength-depentdent effects of aerosols on the atmospheric
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FIGURE 1. Line spread function for a model aerosol
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- UNSCATERED

x o - SCATTERED

~ .4

0.0 --

0.00 125 2.5 3175 600 6.26 7WO 8.75

DISTANCE (UNITS OF OPTICAL DEPTH)

FIGURE 2. Line spread function for a model aerosol cloud
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N.Y. Mc~ormick

Department of Nuclear Engineering
University of Washington

Seattle. Washkington 93195

Different methods are smosarized for estimating the albedo of single scattering sad the coefficients
of a Lsegedra polynomial expas~nion of the phase function from the multiply-scattered radiane. messuried at
two locations exterior to a homogeneous plan* turbid medium. A siorpler method is liven for applications
in which the radiance is measured within such a sodium at two locations fat from the surfaces. This
paper covers the following work published and submitted for publiceation:

IL Sascebo and NJ. McCormick, 'Numerical evaluation of optical single-scattering properties
using multiple-soatteriag transport methods'. L. Goas. Spectzau. U. Transfer U1. 169
(1932).

V NJ. McCommick sad L. Saseo&e. 'Solutions to asa inverse problem in radiative transfer with
polarization 11.1 Z. Quest loactrose. h". Transfe Mj 527 (1933).

N.J. MoCormick, 'Methods for estimasting the similarity parameter of clouds from internal mea-
surements of the scattered radiation field'. Z, Gasat. Iaulczaaa.. lA& Transfer (to be pub-
liahad).

Preliminary results from teats just beginning are also reported. these results are based on numerically
Lsimulated radianoce data to illustrate the potential inaccuracy of some of the methods arising frote random

statistical fluctuations in the measurements.

1. 1NIKODUCTION

The focus of much of the research on obscuration by aerosols is on determining the scattering

properties of particulates (both smooth sand irregular-shape). There are two general classes of problems:

direct sand inverse. For the first. knomledge of the relative index of refraction of a particle sand its

shape and size is needed to calculate the scattering matrix; a projection of these results onto the basis

functions consisting of the generalized spherical functions (Cho sad Churchill. 1955; Kusieý and Ribarig.

19S9; Dovenier and van der Me*, 19833; do fooij and van der Step. 1984) then enables the expansion

* coefficients to be determined. For example, scattering of the intensity of radiation c*a be described by

the single scattering phase function

N

* fQ'B -(ds)
1  (2&+l)fnPn(') f0  1.

Sn0

where f'i- Is the cosine of the angle between the incoming and outgoing wavefronts and the P. are

Legendre functions. The paremeto-re fop n - 1 to N. sand the albodo of single scattering a together serve '

to characterize the interaction of the radiation (of as implicit wavelength) with the particle. Theh
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S *o*efficient f 1 . for example. is the asymmetry factor customarily denoted by g.

The expansion coefficients fa can be calculated fromt

"fsfi f(il"2) P(Ra*&)
a•

4w

provided oreful sinslo-soatterin8 experiments of the phase function can be dons. Such &a estimation of

the coefficients fu from phase function information is the most straight-forvard form of inverse probleml.

The work here, however, deals with inverse problems in which the phase function is not know and must be -'

estimated from radiatiun that has survived many scattering events.

The methods used to solve inverse multiple scattering problems necessarily mut depend upon the

geometry cot the target. In this paper. we will restrict ourselves to the case of a homogeneous slab or

semi-infinitely thick target that is externally illuminated uniformly over one (or both) of the our-

faces, with only a brief discussion of the extensions to the methods that have been developed for other

geometries. Likewise, for the most part we will assume the incident radiation is of a single frequenoy

and that polarization effects are not of interest. The target is assumed to re-radiate a negligible

amount of energy at the frequency of interest, so that there is no spatially-distributed source in the

interior of the target. Finally, the particles in the target are assumed to be randomly oriented and in

the far field of one another.

,. So much for the restrictions. The good neys is that the target optical thickness can be as large as

we like, and the particles can be of arbitrary unknown shape and size. This means that, at least in

principle, the methods are valid for an arbitrary degree of angular anisotropy of scattering.

The inverse multiple scattering methods have all been derived by starting with the radiation truas-

port equation

PAISg I(r,p.) + I(Up.g) W (6/40)] d'_ dt'tf(A"1)

0 f- 1

where v is the optical distance in the plane layer of interest, v_ v v+# while P is the oosise of the

angle with respect to the positive T axis and • is the azimuthal angle. The specific Intensity I(Vj.p) 77

is the radiant energy crossing a unit surface ares sormal to the direction of travel per unit solid angle

and per unit time. (The time dependence of the intensity will be briefly discussed later.) The boundary

conditions casn be arbitrary, i.e.,

* I~~,&,) -g 1 p,~ , 0 p 1&. 1 0 1 . 2w.
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The basic idea in deriving the methods is to take angular moaneta of the transport equation. This

introduces a set of proJoutions

1 '°

t - -A(P .P

-m (v) a! -

ln(a % P(IA) (xI.4) dai p 1

-1

where the Fourier projections are defined as

2M
1INTP (O+ s0) 1-1 •. C 4

I71(%.P) = [(w c 4÷ 8 ,) i(C. 4) o u(C - d(2)

-oo

2,

and a• are the constants

n (1(n + Illn - n)l/I( + .)111/ 2

The arbitrary azimuthal reference anile is Cc.

There are then at least two ways to proceed: if one integrates the transport equation over the

spatial variable to counteract the *c operator in the equation, then after manipulations one is left

with a set of coupled inverse scattering equations for the fn coefficients that are quadratic in T1. aft)

or I 3n(v) evaluated on the boundaries; such equations thus require that I(f_,p#,) and I(rvouo.) be known

for -1 jp I I and 0 • j 2wx In the event the plane layer of interest is imbedded within a larger

h•mogeneous layer such that - and v+ are far from the outermost boundaries, then azimuthal symetry may

prevail, in which use In() - 0. a 1 1. and I!,n(v) - 0. a I 0. Rven with this loan of information,

however, it is still possible to obtain some information about a parameter that links a and fl. by usine

only the total intensity I0,(c) and the net flux (divided by 2n) I1i(.). The different sets of

quadratic equations will be discussed in Section II. and now preliminary results on the applioation of

the equations vith analytically-simulated radiation intensity that has random statistical flotueations

will be given in.Section III.

The second way to proceed to develop inverse equations is to first solve the direct problem and to

then find a simple enough functional dependence so that the equations a&& be inverted to iLfer the ta

coefficients from the intensity. A set of unooupled inverse scattering equations for the fn coefficients
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has been developed for the case that a soai-infialte layer is illuminated with a buret of radiation. and

the equations requite that the time-dependent beekeoattered radiation be measured at times asympotically

loag after the burst. The oquations tot this method require only momeats fro* Kq. (2), and not the move

involved set from Eq. (1). so only the 4-depandeace of the intensity would aced be measured at a fixed

value of I. The equationa are documented elsewhere (McCormick. 1982; McCormick, 1983) and the extent of

their applicability is to be tested in a combined experimeatal-analytioal program, funded by the Depart-

meat of the Army. that is Just sow beginning. The ezperieantel program is under the direotioe of Lof R

Elliott (Oregon Oraduate Center) while the analytical portion is to be done at the University of Weashing-

ton.

IU. CODMJD-BQUATION METOD8 I

There ate a number of iadependent sets of equations that can be %sed to infer the (ON + 1) coeffi-

cients W and na. a - I to N. depending upoa the type of external illumination and the location of the

detectors. In the most general case where the external illumination exhibits an azimuthal dependence and

cannot be %ade syumetric with respect to sme aziamth refetenco eangle and the detectors are not deeply

imbedded in the modium. there are six independent sets of equations (McCormick and Sasches, 1983). The

first three can be expressed in terms of differencas of values at v+ and v- as

N N+
* (-l)R-1 fa(JmI J ar) (3)

for J - 1.2 and k - 1,2 and a - 0 to N. where

*,. J ) 10(v -,p) dp

In these equations. the three sets correspond to (J~k) - (1.1). (2.2), or (1.2) ( (2.1). but there Ste

actually only (ON + 2) distinct inverse equations because the equation for i - 0 in the (1.2) set

vanishes identically. The escond three sets of equations are obtained from the preceding three by

replacing Ik(v.1A) by kI(r,j5a) and fa by fA/( 1 - fn).

The aumber of equations is dramatically reduced if the incident radiation cas be made syseetric to

some azimuthal reference angle t for them only the twu (1,1) sets survive; sucb a situation a8iseo, for .I

example, in the passive illumination of the earth's atmosphere by plane-parallel rays from the sun. An

even more severe reduction in equations occurs if the incident illumination is azimuthally symmetric (as

in the ease of the sun's normal illumination, for example); then only the a 0 equations from the two . .

(1.1) sets are useful, and these are insufficient to determine the unknown$ unless N j 1.
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MAother instance for whish the radiation field is azimuthally symetuie *seoae deep in the interior

of as optiesll-tbiok modium, suh se a large *loud. The&. if the radiation detectors sea placed deep

enousg insidewhbre it is kwMs the radiation is in the diffasion domin. thea it is possible to ase that

faot to obtais a single equation with which to estimate the similarity patrmeter

o -[(1 - o/(1 - fl)]l/2

The form of the equation is (UsCormiok. 1985)

whetr different forms of F(s) are available. Foresample, for terrestuisl clouds

F(s) - 3[1 - (0.368 - .l46es)s12
6.464 - S.464a

Another possibility is to see only measuremeats is the sesith and audit dieotioa% in the equation

(McCormick. 198S)
54÷

3 x(.l + lo(T.1>12 +÷

where for terrestrial cloud*.

K(s) - 1.010(1 - 0.2818) 2 /(1 - 0o25ge + 0.49042)2

To now briefly discuss some of the extension* of Sq. (3) that have baen developet. The is•orpora-

tio of a time-dependent isoident illumination can be souomeodated by Laplaoe traseforning the time

dependent intenoity l(v,pC.t) with

I(NP,4,8) 0 sel (T.Po.t)0 dt.

f
0

The set of equations (3) then is of the same form, and now an additional degree of independence is

achieved beoes** eah different value of a gives another set of inverse e*uations that, at least In

* prinoiple, might be used to kelp infer the unknown ooefficients a &ad fa. g - I to N, &nd also the

unknown speed of light in the sodium (wauche. and McCormiok, 1982). This additional flexibility was not

shown in test calculations to be particularly helpful, however (ibid).

Another generaliastioa involves a non-unitorm external illiumiation (i.e., the 'seatrh light

probloe'). Sievett and Dunn (198h) have shown that a Fourier tra•sform of the intensities on the
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boundaries leads to an equatioa similar to Eq. (3) which bat real and imaginary parts. Ruch an inverse

method would be difficult to use in practice, however, because angular intensity measurements would be

required for every point on the plane boundaries.

For a homogeneous three-dimensional target that does not have a slab shape, Larsen (1984) has

derived a very general vector inverse equation that, at least in principle, could be used to determine

some information about w and fn by varying the boundary conditions. Practical applications of the method

are probably limited, however, since a very large number of measurements would have to be performed over

the surface.

Because of the complications arising from a non-uniform illumination or a non-slab geometry modium, -"

it is worth mentioning that Eq. (3) should be valid in many cases even if the illumination over the

surface is not perfectly uniform or the boundaries are not perfectly plane. What is required is that the

external illumination be uniform over a distance of perhaps 25 times the inverse of the extinction

coefficient, and that the radius of curvature point-wise over the surface be perhaps 25 times the inverse

of the extinction coefficient.

As a final extension of Eq. (3), we note that the generalization to incorporate the effects of

polarization has been developed (McCormick and Sanchez. 1983). For this case, the transport equation is

replaced by a matrix squotior in terms of the intensity vector 4 = .I° E. U. V) consisting of the four

Stokes parameters. The single-scattering phase function, in turn, is replaced by the Mueller scattering

matrix. Then in the general case there are a total of (6N-2) unknowns for N'th deSreeo nisotropic

scattering, provid6d N Z 2, instead of th2 (N + 1) unknown- in the unpolarixed case. Deter Austion of a

and the (6N-3) unknown expansion coefficients of the Mueller matrix requIeso measurement of a(va,•) at .

a + and r for all values of p and •. To date there has been no effort to test the equations with

simulated or experimental data.

III. NUMERICAL TESIS

An inherent disadvantage of the methods is that the coefficients most useful for identifioction of

an obscurant or natural fog are w, f, and perhaps a few more of the lover-index fn coefficients, and yet

the equations are coupled so that one must first start with the equation with i a No, %here No is the

assumed degree of anisotropic scattering, and work through the ",maining equations for a < N to got to

those that contain the key unknowns. Hence, errors can be propagated and enhanced from the higher-index

coefficients to the lover-index coefficients. -

Early numerical tests (Sanchez and McCormick, 1982) of Eq. (3) and its zounterpart method with I

0replaced by h I, etc.. shoved that as N was increased to N the two upper triangular systems of equations
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would repreduse the seeffigients to say desired accuracy provided the lntensity measuremnats had no

randon statistical fluctuations sad that valuso of I were known at a sufficiently large enough number of

* directions (typically at least N polar directions sand N azimuthal directions. or more). Ile real tests

of the metbods begin when one tries to reduce t.he number of measurement directions needed for a numerical

muadrature approximatica to the integrals in Eq&. (1) and (2).

The solution methods were tested with an angular redistribution function that is a combination of

two binomial distributiou&.

of(fl'fl) - 0.949(17)2-16 (1 + 28f 1M 6 + 0.001(5)2-4(l - fl',fl)4  
. (6)

* This function has an albedo of single scattering of 0.95 and is a smooth angular distribution whose

forward peak is a factor of 4 & 104 larger than its minimum, and a backward (glory) peak a factor of

10 larger than its miniuujn as such, It might model man idealized distribution of different size par-

ticles. Tie test for convergence of v and osad n~ - 1. S. and 10. as N was increased to N is shown in

t igere 1 for the ease of p -11 and 117 nodes in the quadrature set.

Isa a second test, random error5 were introduced into the values of the intensities at the nodes* by

means of a Mciate Carlo sampling from a cosine-squared distribution. A seriesa of oalculations were done

wit& Eq. (3) and the averaged results are shown in Figure 2, as normalized to the fractional error in the r.

* intensities.

IV. GENERAL COiENWh

As the asaumed degree of scattering anisotropy Ne tends to the actual value N. couvergencio of the 0

&and fn-coofficients to their exact values will occur if the number of data points p is large enough and

there are swiall enough random errors. Figure 1 for &ivose-fres intensities shows, however, that p - 18 is

insufficiently high to accurately reprodune the value of Wf1 for the scattering function of Eq. (6), and

yet 18 saearsroeat directions Is not such a small number.

* Difficulty with the accuracy of the coefficients increases dramatically as tbm random error becomes

* sizeable. Figure 2 shows Yhat with random errors tas standard deviations in the coefficients increase

logaritimsically with increasing N t o that unless the iwaudom fractional errors are significantly lower

* than 0.1%. the resulting coefficients can be severely in error.

* The results reported here confirm that the Inverse multiple scattering problem is ill-conditioned,

* as is characteristic of inwerse problems, but several improvements in the inverse methods are underway

and will be reported in the future as they are completed. t
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ASSESSMENT OF AEROSOL EXTINCTION TO BACKSCATTER
RATIO MEASUREMENTS MADE AT 694.3nm IN

TUCSON. ARIZONA

J. A. Reagan, M. V. Apte, A. Ben-David and B. M. Herman
The University of Arizona

Tucson, Arizona 85721

ABSTRACT C
The aerosol extinction-to-backscatter ratio, S is a key parameter in interpreting scattering

measurements made with lidar. While solution techntques for solving the lidar equation generally assume
some constraining relation for Sa (i.e., such as Sa is constant with range), few measurements of Sa have
been made to establish the statistics and properties of this parameter. Measurements of S , for a wave-
length 694.3nmobtained from slant-path lidar observations made in Tucson, AZ from May, 1971 to May, 1982
yielded values of S between about 5 to 100 with the majority concentrated between about 10 to 45. The
weighted mean (weighted by inverse variances of Sa) of all Sa values and the arithmetic mean of the main
grouping of Sa values (10< Sa - 45) both equaled approximately 25. Interpretation of the S measure-
ments in terms of various size distributions and refractive Index values representative of atmospheric
aerosols indicated the following: 1) Sa values in the 10 to 20 range are indicative of coarse mode
dominated size distributions, larger real refractive index values (greater than - 1.50), and zero or
nearly zero imaginary refractive index values, 2) Sa values in the 20 to 35 ringe appear to correspond
to size distributions with less dominant but still significant coarse mode particle concentrations,
somewhat lower real refractive index values, and still fairly low imaginary refractive index values (less
than -0.005), and 3) Sa values greater than about 40 indicate even lower real refractive index values
(values of 1.45 and lower) and/or even larger refractive index values (values in the 0.005 to 0.01
range).

I. INTRODUCTION
The aerosol extinction-to-backscatter ratio, Sag is a key parameter in interpreting scattering

measurements made with basic, incoherent mode ldar systems. Solution techniques for solving the lidar
equation to extract profiles of aerosol backscatter and/or extinction from such lidar measurements

generally assume some constraint for Sa. The most common assumption is that Sa is constant over a

specified range interval.
Few measurements of Sa have been made to establish the statistics of this parameter for various

atmospheric conditions, locales, etc. The purpose of this paper is twofold. Firstly, to present the
results of Sa measurements, for a wavelength of 694.3nm, obtained from about 75 days of lidar slant-path

observations made in Tucson, AZ between May, 1979 and May, 1982. Secondly, to assess the Sa measurements
in terms of representative aerosol size distributions and refrictive index values which appear to

characterize certain ranges of Sa values.

I. EXPERIMENTAL RESULTS
Measurements of Sa were made with the University of Arizona monostatic ruby lidar system (e.g.,

Reagan et al., 1977; Spinhirne et al., 1980) located at the outskirts of Tucson. To acquire the neces-

sary data set to extract an estimate of Sa, the lidar was fired along a fixed azimuth at several slant or
elevation angles ranging from vertically pointing down to an elevation angle about 150 above the horizon.
AA complete slant-path run consisted of measurements made at 9 different slant angles. About 10 laser

shots were taken at each slant angle to average out the noise in individual lidar returns, and a total of
20 to 30 minutes was typically required to complete a slant-path run. To further reduce noise probiems,

Ilidar operation was generally restricted to nighttime (typically just after sunset) because the skylight

background added too much noise to lidar returns obtained during daylight hours.
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Reduction of the lidar measurements to extract Sa values was accomplished using the slant-path lidar

reduction technique previously described by Spinhirne et al. (1980). In this approach, slant-path lidar

measurements are processed by a multi-angleintegral solution of the lidar equation to extract Sa and

vertical profiles of aerosol extinction and backscatter. The solution technique employs the constraint

that Sa is assumed constant with height through layers of aerosol optical thickness (i.e., integrated

extinction) of about 0.05 or greater. This typically corresponds to the entire atmospheric mixing layer

(height of a few kilometers) for the relatively clear conditions that generally prevail in Tucson.

Horizontal homogeneity is also required, but horizontal variations in aerosol backscatter of 10%-20% at a

given height can readily be tolerated without greatly effecting the retrieval. These requirements should

be reasonably well met in regions of the atmosphere that are fairly well mixed and removed from strong

localized aerosol sources. The solution procedure produces standard deviation estimates for Sa as Well

as the aerosol extinction and backscatter profiles. These error estimates provide an indication of how

well the constraints of the solution procedure are actually met.

Attempts were made to collect lidar slant-path data on approximately 125 days during the period May,

1979 through May, 1982. Of these attempts, complete sets of slant-path data were acquired for about 105

days. Data for 74 days proved eventually to be successful in that they were reducible by the slant-path

lidar technique.

Values of Sa obtained from these 74 days of slant-path lidar observations made between May, 1979 and

May, 1982 are plotted in Fig. 1 over a 12 month generic year interval. The Sa values for the 20 days of

preliminary lidar observations reported by Spinhirne et al. (1980) are included in the figure for compar-

ison. A histogram of the Sa values with class intervals of 5 is also given in Fig. 2, and various

averages of Sa are given in Table 1.

Table 1. Statistical Properties of Sa Values

Arithmetic mean and standard deviation

a) For all 74 cases 31.1 ± 18.6

b) For 10 < Sa < 45 (53 cases) 25.2 ± 7.7

c) For Sa > 45 (15 cases) 61.6 ± 13.6

Weighted mean (inverse

variance weighting) 25.4

From the figures, it can be seen that the Sa values range between about 5 to 100 with the majority

of values concentrated between about 10 to 45. A secondary grouping of values is apparent between about

45 to 65, and there is a significant occurrence of values less than about 20. The weighted mean
(weighted by inverse variances of S.) of all Sa values and the arithmetic mean of the main grouping of Sa
values (10 < Sa < 45) both are approximately equal to 25. This is slightly higher but not significantly

different than the weighted mean, of about 20 obtained by Spinhirne et al. (1980). Thus, Sa a 25 appears

to be a representative value for the majority of observations.

Ill. ASSESSMENT OF Sa MEASUREMENTS

The aerosol extinction-to-backscatter ratio, Sao depends on the shape or form of the aerosol size

distribution and on the aerosol particle refractive index (i.e., on particle composition). Particle

shape also has some influence, apparently causing Sa to increase as particles becume more nonspherical
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(Reagan and Herman, 1980). However, within the limitations of spherical particle or Mie scattering

theory, only the effects of size distribution form and particle refractive index can be readily assessed.

Additional problems still arise even with the spherical particle restriction because particle composition

may be inhomogeneous both within a single particle and as a function of particle radius. Scattering V.,.

computations for polydispersions of spherical, inhomogeneous particles can produce significantly different

values for various optical parameters depending on how the different constituents of which the particles -

are comprised are assumed to be mixed or averaged (e.g., Gillespie et al., 1978; Ackerman and Tcon, 1981;

Sloan, 1983). The approach taken here in assessing the Sa observations will be to assume that the

individual particles are spherical and homogeneous. Most of the calculations will assume a single, %

average refractive index over all particle sizes, but some results will also be presented for mixtures of

different, homogeneous particles within certain size ranges.

As Sa depends on both the particle size distribution and refractive index, it is clearly impossible

to uniquely infer these two particle properties from a given value of Sa- However, by assuming a size

distribution that is representative of the aerosois in question, it is possible to infer something about

the particle refractive index range that best characterizes a given Sa value.

The size distributions selected as being representative of the various particle distributions that

may actually have occurred during the lidar observations are given in Fig. 3 in both volume and number

density distribution forms. They have been scaled to make them all similar in magnitude. Only the

distribution shape, not the absolute magnitude, is important in computing Sa because Sa is a ratio

quantity. The distributions for 13 August and 20 November of 1975 were obtained by inverting spectral

optical depth data from solar r-diometer measurements made in Tucson as reported by King et al. (1978).

They are similar in shape to distributions frequently obtained from inversions of Tucson spectral optical

depth data. The distribution for 15 May, 1977 is a composite distribution obtained from airborne Whitby

electrical particle analyzer measurements and the inversion of solar aureole and spectral optical depth

data acquired from groundbased measurements (Reagan et al., 1978). This distribution has the approximate

straight-line form of a Junge distribution with slope or shape factor v of v a 2. A Junge distribution of

slope v = 3 is also included because junge type distributions with slopes bounded between - 2 <v<- 3 are

also frequently obtained from inversions of Tucson spectral optical depth data (King et al., 1978). The

final distribution included in Fig. 3. referred to as the mean balloon impactor distribution, is the

average of several balioon-borne cascade impactor measurements made in Tucson during April, 1980 as

previously reported by Reagan et al. (1984). With the exception of the = 3 Junge distribution, the

distributions all have significant large or coarse particle mode contributions. A pronounced peaking in

the fine particle or accumulation mode is also apparent for the 13 August and 20 November distributions

and to a lesser extent for the mean balloon impactor distribution. It should also be noted that the

distributions are all height averaged in some sense (i.e., either columnar determinations or the average

of measurements at several heights) and are thus representative of a height interval similar to that for

which the Sa values were determined, namely, the first few kilometers of the troposphere.

Theoretical Mie scattering computations were made to determine Sa for each of the distributions

given in Fig. 3. The calculations were made for a wavelength of 694.3nm and particle refractive index,

m, ialues with real components, mr, of 1.40, 1.45, 1.50 and 1.54 and imaginary components, mi, of 0.000,

0.005 and 0.01. The results of these computations are shown in the plots of Fig. 4 where the computed Sa

values are plotted versus the real refractive index component and each plot is for a different imaginary

refractive index value. With regard to the Sa values obtained from the lidar observations, it is

apparent that the low Sa values in the 10 to 20 range are characterized by 1) size distributions with

dominant coarse mode particle concentrations, 2) larger real refractive index values of mr > -1.5, and 3)
zero or nearly zero imaginary refractive index values of mi < 0.005. This is consistent with the
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situation one might expect for windy and/or strong convectively mixed conditions in an arid region such

as Tucson (i.e., enhanced coarse mode particle concentratinns and refractive index values characteristic

of soil particles).

Concerning the higher Sa values obtained from the lidar observations, say Sa 45 with an arithmetic

mean of -62, the plots of Fig. 3 indicate that this range of Sa values is principally characterized by

1) lower real refractive index values of mr -1.45 and 2) larger imaginary refractive index values of

mi > 0.005. The low real refractive index component is consistent with the index of acid-sulfate type

particles. Analyses of particle samples collected near Tucson by both aircraft (Reagan et al., 1977) and

the balloon-borne cascade impactor (Reagan et al., 1984) have revealed an abundance of sulfur for

particles with radii as large as -1.0pm. Larger imeginary refractive index values in the 0.005 to 0.01

range do not correspond to any specific substance commonly associated with atmospheric aerosols, but such

values may possibly result from small amounts of absorptive material such as carbon mixing with otherwise-

very weakly absorbing particles (e.g., Lindberg and Gillespie, 1977; Ackerman and Toon, 1981).

It is not possible to be quite as definitive concerning the majority of the lidar derived Sa values

which span the range -15 < Sa <~45. The plots in Fig. 3 indicate many possible combinations that

satisfy this span of Sa values, although the conditions that appear to offer the maximum likelihood for

occurrence of Sa over this range are for - 1.45 < mr `. 1.5 and mi a 0.005. This is basically the

refractive index range that remains after excluding the index regions that appear to best cha'act.ýrize

the high and low values of Sa. This resulting range also includes the average refractive index velue of

1.47 - 0.0041 determined by Reagan et al. (1984) from the combined lidar and balloon-borne cascade

impactor measurements made near Tucson in April 1980.

The Sa calculations presented thus far have assumed that all particles have the same refractive

index. As the physical mechanisms which govern the production of particles in the accumulation mode and
coarse particle mode are quite different, it is reasonable to consider the possibility of different

compositions, hence different refractive index values, for the particles in the two modes. The mean

balloon impactor distribution was employed to investigate the effect of mixed particle refractive index

values. The radius break between the accumulation and coarse particle modes was taken as about 0.3250m

based on the shape of this distribution. Calculations of Sa were made for various combinations of

refractive index values for the particles in the two modes. The results were somewhat surprising in that

they demonstrated that altering the refractive index of the accumulation mode particles had little effect

on the overall S. value. This is shown in Table 2 which gives the ranges of variation in the computed Sa

values due to varying the accumulation mode refractive index over a real value span of 1.4 < mr < 1.54

and an imaginary value span of 0.000 t mi t0.01. The results show that it is the refractive index of

the coarse mode particles that really controls the value of Sa. The reason for this is simply that the

small particles don't contribute very much to extinction or backscatter, particularly backscatter which

is the controlling factor in determining the change in Sa due to refractive index variations. This is

shown in Fig. 5 where the cumulative fraction of backscatter for the mean balloon impactor distribution

is plotted versus particle radius for two refractive index values. The curves show that the accumulation

mode particles (i.e., particles of radius less than - 0.3um) contribute only a rather small amount to

backscatter and, hence, to Sa. The results are not significantly different for the other refractive

index values that have been considered here. Furthermore, similar calculations for the other size

distributions given in Fig. 3 do not yield greatly different results. While distributions with

relatively greater particle concentrations in the accumulation mode, such as the Junge distribution for

S 3, do have an increased backscatter contribution from small particles, the increase is not enough to

greatly effect Sa, for the wavelength considered here (694.3 nm).

I•
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Table 2. Range of Sa Values for Mean Balloon Impactor Distribution and Various Refractive

Index Values
Range of

Sm for Coarse Mode
for Accumulation

Mode 1.54-0.0001 1.54-0.011 1.50-0.0001 1.50-0.011 1.40.0.0001 1.40.0.001i
a10.2 17.4 14.9 25.3 31.5 52.4

i.404-'1.54

0.000*-0.01 11,5 19.1 16.5 26.9 32.7 59. "0

Accumulation mode - coarse mode break at - 0.3pm. particle radius; S values for wavelength at 694.3 nim.

One other mixod particle, mixed refractive index situation which was also investigated was that of
including various percentage amounts of carbon particles, an external type mixture as defined by Ackerman

and Toon (1981), in the accumulation mode. As noted earlier, small amounts of an absorptive material

sucth as carbon mixed with otherwise very weakly absorhing pat •icles may be the cause of average or

effective imaginary refractive index values in the 0.001-0.01 range sometimes inferred for aerosol

particles in that such values are not representative of any specific substance commonly associated with

atmospheric aerosols. The carbon is assumed to be restricted to the accumulation mode because it is

typically only detected in the very small particle range (Lindberg and Gillespie, 1977; Sloane, 1983).

Table 3 lists Se values computed for the mean balloon impactor distribution with different amounts carbon

particles (m a 1.8 - 0.51) in the accumulation mode and all remaining particles vith refractive index

b P

Table 3. Sa Values for Mean Ballcon Impactor Distribution ':1'
and Various Refractive Index Values _

Pe..nat m for Coarse Mode and Remainder of Particles in Accumulation Mode
Carbon Particles
in Accumulation Mode 1.4 - 0.0051 1.b - 0001

0% 46.7 15.7
10 49.5 17.1
20 52.1 18.4
40 56.8 21.0
60 60.6 23.5 & -•
80 64.0 25.9

100 66.8 28.2

Carbon particles assumed to have m * 1.8 - 0.51. Accumulation node-coarse mode break at 0.30jn

particles radius; Se values for a wavelength of 649.3 nm.

values of m - 1.4 - 0.00051 or 1.5 - 0.000i. The two values of m chosen for the non-carbon particles are

index values which, when assumed for all the particles present, yielded relatively high and low values of

Sa as given earlier in Fig. 3. The results given in Table 3 show that Sa is not greatly altered for
relatively small amounts of carbon in the accumulation mode, say - 20% or less whici. is about as much as
might be expected unless conditions were very polluted. Even changing the carbon amount from 0 to 100% W71

causes less than a doubling of Sa, and this is still insufficient to change a low S, value into a high S.
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value. Thus, it does not appear that the addition of reasonable amounts of carbon to the accumulation
mode has any significant effect on Sa for the particular size distribution considered here, nor is it
likely to have much effect for the other size distributions given earlier in Fig. 3. This means that the

Sa values are mainly controlled by the coarse mode particle refractive index for the wavelength (694.3nm)
and size distributions considered in this paper.
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University of Washington
Department of Nuclear Engineering 495

Washington State University
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ADAMS, GREGG W. DR. ASE, PAUL K. MR. -
Chemical Research Development Center IIT Research Institute
DRSMC-CLB-CR(A) 10 W. 35th Street
Aberdeen Proving Ground, NO 21010 Chicago, IL 60616
(301) 671-3753 (312) 567-4287

ALEXANDER, DENNIS R. DR. BACH, WALTER
Mechanical Engineering Laboratory U.S. Army Research Office
NEC 255 P.O. Box 12211
University of Nebraska-Lincoln Research Triangle Park, NC 27709
Lincoln. NE 68588 (919) 549-0641
(402) 472-3091

BAHAR. EZEKIEL DR.
ALEXANDER, RALPH W., JR. PROF. Department of Electrical Engineering -

Physics Department W194 Nebraska Nall
University of Nissouri-Rolla University of Nebraska-Lincoln
Rolla, MO 65401 Lincoln, NE 68588
(314) 341-4781 (402) 488-4074

AISTRONG, ROBERT L., DR. BAKER, RICHARD L. DR.
Physics Department, Box 3D Aerospace Corporation
New Mexico State University El Segundo, CA 90274
Las Cruces, NM 88003 (213) 416-8916
(505) 646-4308

BALOG. PAUL P.
ARNOLD, STEPHEN DR. Battelle Columbus Labs
Department of Physics 505 King Avenue
Polytechnic Institute of New York Columbus, OH 43201
333 Jay Street (614) 424-4260
Brooklyn, NY 11201
(212) 643-4371 BARBER, PETER W. DR.

Department of Electrical Engineering
ARONN, JAMES R. DR. Clarkson University
Arthur D. Little, Inc. Potsdam, NY 13676
15 Acorn Park (315) 268-6511
Cambridge, MA 02140
(617) 864-5770, ext. 2369
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BELL. ROBERT J. DR. BUCKLY., TON DR.
Physics Department But iding 222 - Room A. 1.
University of Missouri-Rolla National Bureau of Stanudrds
Rolla, NO 65401 Gaithersburg, NO 20899
(314) 341-4796 (301) 921-2783

BENNER, ROBERT E. PROF. CANNON. WILLIAM C.
Department of Electrical Engineering Battelle, Pacific Northwest Laboratory
3053 Merrill Engineering Building Box 999
University of Utah Richland, WA 99352
Salt Lake City, UT 84112 (509) 376-1516
(801) 581-6684

CAPPS, C. DAVID DR.
FICKEL, WILLIA4 S. DR. Boeing Aerospace Company
Lepartment of Physics P.O. Box 3999, MS 8C-23
University of Arizona Seattle, WA 98124
Tucson, AZ 85721 (206) 773-1425
(602) 621-6820

CERMAK, JACK E. DR.
BIRD JOSEPH F. Department of Civil Engineering
Applted Physics Laboratory Room B109
Johns Hopkins University Colorado State University
Johns Hopkins Road Fort Collins, CO 80523
Laurel, NO 20707 (303) 491-6696
(301) 953-7100, ext. 2582

CHANG, RICHARD K. DR.
BIRENZVIGE, AMNON Applied Physics Department
Chemical Research and Development Center Yale University -.
DRSMC-CLB-PO(A) P.O. Box 2157, Yale Station
Aberdeen Proving Ground, MD 21010 New Haven, CT 06520 ""
(301) 671-4252 (203) 432-4470

BOTTIGER, JEROLD CHEW, HERMAN DR.
Chemical Research and Development Center Clarkson University
DRSMC-CLB-PS(A) Potsdam, NY 13676 '
Aberdeen Proving Grmnd, MD 21010 (315) 268-2390 or 268-2363 ".
(301) 671-2395

CHITANVIS, SHIRISH DR. .'

BROCK, JAMES R. DR. Physics Department
Department of Chemical Engineering City College of New York
University of Texas New York, KY 10031
Austin, TX 78712 (212) 690-6865
(512) 471-3348
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CIPOLLA, JOHN DR. DEEPAK, ADARSH DR.
Mechanical Engineering DeDartment Science & Technology Corporation
435 LA P.O. Box 7390
Northeastern University Hampton, VA 23666
Boston. MA 02U (804) 865-1894
(617) 437-3805

DELFOUR, ANDRE MR.
COHEN, ARIEL OR. O.N.E.R.A.-C.E.R.T.
Department of Physics & Atmospheric 2, Avenue Edouard Belin

Sciences B.P. 4025
Drexel University 31055 Toulouse, Cedex
Philadelphia, PA 19104 FRANCE -
(215) 895-2707 (33) 61. 55.71.04

COHEN, LEN DR. de Wolf, DAVID A. DR.
Department of Physics & Atmospheric Department of Electrical Engineering

Sciences VPI&SU
Drexel University Blacksburg, VA 24061
Philadelphia, PA 19104 (703) 961-6646
(215) 895-2710

DITMARS, DAVID A. MR.
COHOON, DAVID National Bureau of Standards
USAMRICD and Department of Building 221, Room A324

Mathematics 038-16 Washington, DC 20234
Temple University
Philadelphia, PA 19122

DOHERTY, ROBERT
Chemical Research & Development Center

COLETTI, ALESSANDRO DR. DRSIC-CLB-PS ._e
Georgia Institute of Technology Aberdeen Proving Ground, MD) 21010
School of Geophysical Sciences (301) 671-2760 b.

Atlanta, GA 30332
(404) 894-3891

DUFF, JAMES W. DR.
Spectral Sciences, Inc.

CURRY, WILLIAM MR. Burlington, MA 01803
VKF/SP Calspan, Inc.
MS 650
Arnold Air Force Station, TN 37389
(615) 455-2611, ext. 7200 DYE, DAVID L.

Boeing Aerospace Company
P.O. Box 3999, 8C-23

DAVISON, STOWELL DR. Seattle, WA 98124
Department of Chemical Engineering (206) 773-0368
University of Maryland-Baltimore County
Catonsville, MD 21228
(301) 455-2659
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EATON, L. R. FARIER, MIKE W. OR.
TPr Science and Technology Corporation
Onde Space Park Suite 940, First National Tower
Redionae Beach. CA 90278 Las Cruces, NM 88005
(213) 535-2500 (505) 523-8541

ELLIOTT, R. A. PROF. FARRELL, RICHARD A.
Oregon Graduate Center Applied Physics Laboratory
WOa N.W. Walker Road Johns Hopkins University

Beaverton, OR 97006 Johns Ho kins Road
(503) 646-1121 Laurel, ) 20707

(301) 792-7800, ext. 571

ENBURY, JANON (JAY) DR.
Chemical Research & Development Center FLANIGAN, DENNIS MR.
ORSMC-CLB-PS(A) Chemical Research & Development Center
Aberdeen Proving Ground, MD 21010 DRSMC-CLC-R
(301) 671-4256 Aberdeen Proving Ground, NO 21010

(301) 671-3484/3884

ENSOR, DAVID S.
Research Triangle Institute FLOOD, W. A. DR.
P.O. Box 12194 US AryW Research Office
Research Triangle Park, NC 27709 P.O. Box 12211
(919) 541-6000 Research Triangle Park, NC 27709 -

(919) 549-0641

ERICKSON, NILS
Chem B-24N FRASER, ROBERT S.
National Bureau of Standards NASA Goddard Space Flight Center
Gaithersburg, MD 20699 Code 915
(301) 921-2789 Greenbelt, MO 20771

(301) 344-9008

EVANS, ALAN J. DR.
Chemical Defense Establishment FREUND, DAVID E.
Porton Down Applied Physics Laboratory
Salisbury, Wiltshire Johns Hopkins University
ENGLAND Johns.IHopkins Road

Laurel, MD 20707
%V.

%1*

EVANS, BLAIR DR.
Defense Research Establishment Valcartier FRICKEL, ROBERT H.
P.O. Box 8800 Chemical Research & Development Center
Courcelette, Quebec DRSMC-CLB-PS
CANADA GOA RO Aberdeen Proving Ground, MD 21010
(418) 844-4302 (301) 671-3854
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FRIEND, JAMES P. GREEN, JOHN J.
Department of Chemistry Chemical Research & Development Center
Drexel University DRCPM-SMK-T
32nd & Chestnut Streets Aberdeen Proving Ground, MD 21005
Philadelphia, PA 19104 (301) 278-54U
(215) 895-2642

GUILLAME. BERNARD DR.
FRY, EDWARD S. DR. O.N.E.R.A. - C.E.R.T.
Physics Department 2, Avenue Edouard Belin
Texas AIM University B.P. 4025
College Station, TX 77843 31055 Toulouse, Cedex
(409) 845-19101 FRANCE

(33) 61557107

GALLILY, ISAIAH PROF.
Department of Atmospheric Sciences HAGER, JOSEPH H. CPT
Hebrew University Air Force Office of Scientific Research
Jerusalem 91904 AFOSR/NE
ISRAEL Bolling AFB, DC 20332
(02-639003) (202) 767-4909

GARVEY, DENNIS N. DR. HANLEY, JAMES T.
US Amy Atmospheric Sciences Laboratory Arvin/Calspan
White Sands Missile Range, NM 88002 P.O. Box 400
(505) 678-1526 Buffalo, NY 14225

(716) 632-7500

GAUSS, ARTHUR
Ballistic Research Laboratory HANNA, STEVEN, DR.
Aberdeen Proving Ground, 41 21005 Envirowncntal Research & Technology
(301) 278-4884 Concord, MA 01742 1%

(617) 369-8910

GEBHARDT, FRED DR.
Science Applications, Inc. HARACZ, RICHARD DR.
3 Preston Ct. Department of Physics & Atmospheric
Bedford, MA 01730 Sciences
(617) 275-2200 Drexel University

Philadelphia, PA 19104
(215) 895-2719

GORDON, MALCOM G.
AAI Corporation
2317 Perry Avenue HARRIS, B. 1. DR.
Edgewood, MO 21040 Pondsprings

11323 Glen Arm Road
Glen Arm, MI 21957
(301) 668-7352
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HEATH, BILL HUFFMAN, DONALD R. PROF.
Battelle, Pacific Northwest Laboratories Physics Department
300/324/14 Building 81
P.O. Box 999 University of Arizona
Richland, WA 99352 Tucson, AZ 85721
(509) 376-0554 (602) 626-4804/3634

HERMAN, BENJAMIN M, DR. ISKANDER, MAGOY F. DR.
Institute of Atmospheric Physics Department of Electrical Engineering
Building No. 81 3053 Merrill Engineering Building
University of Arizona University of Utah
Tucson, AZ 85721 Salt Lake City, UT 84112
(602) 621-6846 (801) 581-6944

HOFLANO, ROBERT JAGGARD, DWIGHT L. PROF.
The Aerospace Corporation Moore School/D2
P.O. Box 92957 University of Pennsylvania
Los Angeles, CA 90009 Philadelphia, PA 19104
(213) 648-6115 (215) 898-4411

HOLT, E. H. JENKINS, WILHELMINA D.
Atmospheric Sciences Laboratory MET A117
USAERADCOM National Bureau of Standards
White Sands Missile Range, NM 88002 Gaithersburg, MD 20899
(505) 678-2412/1997 (301) 921-2157

HU, CHIA-REN DR. JORDAN, ARTHUR DR.
Physics Department Naval Research Laboratory p..
Texas A&M University Code 7942
College Park, TX 77843 Washington, DC 20375
(409) 845-3531 (202) 767-6609

HUANG, KAO-HUAH DR. KAPLAN, CAROLYN MS.
FWG Associates, Inc. Chemical Engineering Department
Rt. 2, Box 271-A University of Maryland
Tullahoma, TN 37388 College Park, MD 20742
(615) 455-1982 (301) 454-5098

HUDSON, JIM DR. KATTAWAR, GEORGE W, DR.
Desert Research Institute Physics Department
University of Nevada Texas A&M University
P.O. Box 60220 College Station, TX 77843
Reno, NV 89506 (409) 845-1180
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KAUFMAN, YORAM LATHAM, JOHN PROF.
NASA/Goddard Space Flight Center Department of Pure & Applied Physics
Greenbelt, IMD 20771 U.M.I.S.T.
(301) 344-4977 P.O. Box 88

Manchester M60 IQD
ENGLAND

KEESEE, ROBERT G. DR. 061-236-3311, ext. 2962
Department of Chemistry
The Pennsylvania State University
University Park, PA 16802 LAULAINEN, NELS S. DR.
(814) 863-3574 Battelle Pacific Northwest Laboratory

Battelle Blvd., P.O. Box 999
Richland, WA 993S2

KERKER, MILTON PROF. (509) 376-8320
Clarkson University
Potsdam, NY 13676
(315) 268-2390 LAWLESS, PHIL A. 0R.

Research Triangle Institute
Box 12194

KIECH, E. L. Durham, NC 27709
VKF/SP Calspan (919) 541-6782
MS 650
Arnold Air Force Station, TN 37389
(615) 455-2611, ext. 7669 LAX, MELVIN DR.

Physics Department
City College of New York

KLEINMAN, RALPP E. DR. New York, NY 10031 ,
Department of Mathematics (212, 690-6864
University of Delaware
Newark, DE 19716
(302) 451-2250 LEONG, KENG H. DR.

Department of Civil Engineering
3207 Newmark Civil Engineering Lab

KLIMEK, W. G. University of Illinois
Project Manager, Smoke/Obscurants 208 N. komine
DRCPM-SMK-T Urbana, IL 61801
Aberdeen Proving Ground, MO 21005 (217) 333-8064
(301) 278-5411

LETTIERI, THOMAS R.
KLUCHERT, ROLF E. MR. National Bureau of Standards
Canadian Defence Liaison Staff MET A117
2450 Massachusetts Avenue, N.W. Washington, DC 20234
Washington, DC 20008 (301) 921-2159
(202) 483-5505

LITTMAN, HOWARD PROF.
KOHL, RONALD H. DR. Department of Chemical Engineering r."
Ronald H. Kohl & Associates Rensselaer Polytechnic Institute
R 2, Box 2838 123 Ricketts Building
Tullahoema, TN 37388 Troy NY 121816
(615) 454-9060 (518y 266-6039
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LUTHER. FRED DR. MORGAN, MORRIS H. PROF.
Lawrence Livermore National Laboratory Dept. of Chemical Engineering and
P.O. Box 808 (L-262) Environmental
Livermore, CA 94550 Troy, NY 12181
(415) 422-1825 (518) 266-6059

MACK, EUGENE MR. NAGPAL, KRISHEN DR.
Arvin/Calspan Corporation Chemical Research Developrlint Center
P.O. Box 400 Aberdeen Proving Ground, Mu 21010
Buffalo, NY 14225
(716) 631-6782

NEWHOUSE, JAMES R.
MARSTON, PHILIP DR. Atmospheric Sciences Laboratory
Physics Department White Sands Missile Range, NN 88002
Washington State University (505) 678-1561
Pullman, WA 99164-2814
(509) 335-9531

NILLSEN, EDMOND J. DR.
3M Company

MATTAR, FARRES DR. 3M Center
Physics Department St. Paul, MN 55144
City College of New York (612) 733-9618
New York, NY 10031
and New York University
4 Washington P1. NOLAN, PAT M. MR.
New York, NY 10003 Department of Chemistry
(212) 690-6864 Drexel University

32nd & Market Streets
Philadelphia, PA 19104

MAZIHOER, M.K. PROF. Dr. Ing. (215) 895-2642
Department of Electronics & Instrumentation
Graduate Institute of Technology
University of Arkansas PARKER, MIKE
P.O. Box 3017 Chemical Research & Development Center
Little Rock, AR 72203 ORSMC-CLM-S(A)
(501) 373-2720 Aberdeen Proving Ground, MD 21010

(301) 671-

MCCORMICK, NORMAN J. PROF.
Department of Nuclear Engineering PATEL, SUSHIL
BF-10 State University of New York-Buffalo
University of Washington Buffalo, NY 14214
Seattle, WA 98195
(206) 543-4355

MOELLER. K. D. PROF.
Department of Physics
Fairleigh Dickinson University
Teaneck, NJ 07666
(201) 692-2287
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PEARCE, WILLIAM A. DR. POOZIMEK, JOSEF PROF.
EG&G/WASC Graduate Center for Cloud Physics Research
P.O. box 396 109 Norwood Hall
Riverdale, 1) 20840 University of Missouri-Rolla
(301) 779-2800, ext. 247 Rolla, MO 65401

(314) 341-4338

PEDERSEN, JEANNE DR.
Panametrics POND, ROBERT B. SR.
221 Crescent Street Materials Science & Eng.
Waltham, MA 02154 Johns Hopkins University
(617) 899-2719 Baltimore, MD 21218

PEDERSEN, NORMAN DR.
Panametrics POZIONEK, EDWARD J. OR.
221 Crescent Street Chemical Research & Development Center
Waltham, MA 02154 DRSNC-CLB(A)
(617) 899-2719 Aberdeen Proving Ground, MD 21010

(301) 671-3250

PENDLETON, J. DAVID (DAVE) DR. ./
Atmospheric Sciences Laboratory QUERRY, MARVIN PROF.
P.O. Box 236 Department of Physics
White Sands Missile Range, NM 88002 University of Missouri-KC
(505) 678-5634 Kansas City, MO 64U0 -

(816) 276-1604

PHIPPS, CLAUDE R., JR. DR.
Chemistry Division, MS E535 RADZIEMSKI, LEON J. DR.
Los Alamos Rational Laboratory Department of Physics
Los Alamos, NM 87545 P.O. Box 3D
(505) 667-6956 New Mexico State University

Las Cruces, NM 88003-0004
(505) 646-3831

PINNICK, RONALD G. DR.
Atmospheric Sciences Laboratory
DELAS-AR RANADE, MADHAR B.
White Sands Missile Range, NM 88002 Research Triangle Institute
(505) 678-5634 Research Triangle Park, NC 27709

(919) 541-6925

PLUCHINO, ANTONINO B. MR.
The Aerospace Corporation REAGAN, JOHN A. PROF.
Building A 6-1647 Department of Electrical I Computer Eng.
P.O. Box 92957 Engineering Building 020
Los Angeles, CA 90009 University of Arizona
-(213) 648-5000 Tucson, AZ 85721

"(602) 621-6203
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REIST, PARKER ROBINSON, RAYMOND S. DR.

Department of Environmental Physics Department
Science and Engineering Colorado State University

University of North Carolina Fort Collins, CO 80523
Chapel Hill, NC 27514
(919) 966-1023

ROSENWASSER, H. DR.
REITZ, RICHARD G. Naval Air Systems Command
Project Manager, Smoke/Obscurants Code AIR-320R
DRCPM-SMK-E Washington, DC 20361
Aberdeen Proving Ground, MD 21005-5001 (202) 692-3023
(301) 278-3536/3426
AV 283-3536/3426

RUBEL, GLENN 0. OR.
Chemical Research & Development Center

REUTTER, DENNIS J. DRSMC-CLB-PS(A)
Chemical Research & Development Center Aberdeen Prowing Ground, MD 21010
DRSMC-CLB-R(A) (301) 671-2760,r
Aberdeen Proving Ground, MD 21010
"(301) 671-

RUBIO, ROBERTO
Atmospheric Science Laboratories

RICHARDSON, MARTIN B. DR. DELAS-AR-M
Atmospheric Sciences Laboratory White Sands Missile Range, NM 88002
DELAS-AE-O
White Sands Missile Range, NM 88002
(505) 678-6780

RUCK, GEORGE DR.
Battelle Columbus Laboratories

RILEY, ERICA 505 King Avenue
Chemical Research & Development Center Columbus, OH 43201
DRSC-CLB-PS(A) (614) 424-5685
Aberdeen Proving Ground, MD 21010(301) 671-4294 "

SARVER, EMORY W.

Chemical Research A Development Center
RILEY, MICHAEL DR. Aberdeen Proving Ground, MD 21010
Chemical Research & Development Center (301) 671-3957
DRSMC-CLB-PS(A)
Aberdeen Proving Ground, MD 21010
(301) 671-4294 SAVAGE, J. DR.

Chemical Research & Development Center
DRSMC-CLB-PS(A)

RIN, CHUN-HSUN DR. Aberdeen Proving Ground, MD 21010
Chemical Research & Development Center (301) 671-4294
DRS•MC-CLC-R(A)
Aberdeen Proving Ground, MD 21010
(301) 671-3884
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SCNEUNEMANN, W. DR. SNELSON, ALAN DR.

BICT IIT Research Institute

05357 Heimerzhelm 10 W. 35th Street06

WEST GERMANY Chicago, IL 60616

(49) 2222-60081 (312) 567-4260

SIMON, IVAN DR. SPAIN, IAN L. DR.

Arthur 0. Little, Inc. Department of Physics
1.5 Acorn Park Colorado State University

Cambridge, MA 02140 Fort Collins, CO 80523
(617) 864-5770 (303) 491-6076

SINDONI, ORASIO J. STALLINGS, EDNA S.

Chemical Research & Development Center University of Tennessee Space Institute
Aberdeen Proving Ground, MO 21010 Tullahoma, TN 37388
(301) 671-4256 (615) 455-0631, ext. 473

SMALLEY, HOWARD M. DR. STEPHENS, JOHN R. DR.

Project Manager, Smoke/Obscurants Los Alamos National Laboratory

DRCPM-SMK-T MS/C348
Aberdeen Proving Ground, MD 21005 Los Alamos, NM 87545

(301) 278-541U (505) 667-7363

SMITH, DAVID DR. STUDE, HENRY JR.

United Technology Research Center Chemical Research 8 Development Center

Silver Lane Research Division
MS 73 Aberdeen Proving Ground, MD 21010

East Hartford, CT 06108.. " (203) 727-7281

(0 7278STUEBING, EDWARD W.
Chemical Research & Development Center

"SMITH, FREDERICK G. ATTN: DRSMC-CLB-PS(A) v

2000 Hogback Road, Suite 3 Aberdeen Proving Ground, MD 21010

Ann Arbor, MI 48105 (301) 671-3089
.-. (313) 973-1177

"SUTHERLAND, ROBERT A.

SMITH, R. BRENT Atmospheric Sciences Laboratory

Optech, Inc. DELAS-EO-MO
"701 Petrolia Road White Sands Missile Range, NM 88002

Downsview, Ontario (505) 678-3951
CANADA
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APPENDIX C 23 May 1984

AGENDA*

1984 CRDC SCIENTIFIC CONFERENCE ON OBSCURATION AND AEROSOL RESEARCH

25-29 June, Bldg. E4810 (Post Theater)

All presentations are listed with the appropriate session topic
as well as where they appear in the schedule, if different.

EThe second listings for scheduling purposes are enclosed in square brckt

MONDAY 25 June

9:30 Registration Opens O 2J.

10:00 Opening of Conference

Welcome - Dr. B. Richardson, Deputy Director, CRDC
Administrative Remarks - R. Kohl

10:15 Overview of Aerosol Research Program - E. Stuebing 0. Rubel,
J. Bottizer, and 0. 1. Sindoni

11:45 LUNCH

I. PHYSICAL AND CHEMICAL PROPERTIES OF AEROSOLS P-

Moderator: Glen Rubel

A. Particle Formation, Evolution and Composition

Post. Alistair C. D. Leslie and Nels S. Laulainen (Battelle, Northwest), Inertial
Particle Sampler for Fine Size Particle Fractionation and Chemical Speciation
by PIXE

Post. James Hudson (Desert Research Institute), Interstitial Particles in Fogs

Tu.AM R. G. Pinnick, G. Fernandez and B. D. Hinds (Atmospheric Sciences
Laboratory) Volatility of Near-Suaface Aerosols in Southern New Mexico

1:00 Ken& H. Leuna (University of Illinois). Generation of Monodisperse
Nonspherical Aerosol Particles (15)

1:20 R. C. Keesee and A. W. Castleman, Jr. (Pennsylvania State University), r.-
Gas-to-Particle Conversion: The Role of Pre-Existing Dimers in the
Formation of Clusters During Supersonic Expansion (15)

*Presenters are underlined. Where only the prcsenter's name appears, other
authors may be indicated in the presentation.
"Post." indicates a presentation in the all-topic poster session on Wednesday,
late afternoon and evening.
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AMONDAY 25 June (continued)

1. A. (continued)

1:40 J. R. Brock (University of Texas/Austin). Ostwald Ripening and Other
Particle Growth Processes (15)

B. Pltum Mechanics

2:00 T. U. Teang and J. R. Brock (University of Texas/Austin), Atmospheric
Models of Aerosol Pltum Dispersion (15)

2:20 J. Latham (U.M.I.S.T.. England). Turbulent Mixing Processes (15)

2:40 Steven F. Hanna (ERT), Characteristics of Observed Concentration
Fluctuations During Smoke Week 3 and Comparisons with Theoretical
Models (15)

3:00 BREAK

3:30 J. E. Cermal. (Colorado State University), Diffusion in Unstable
(Convective) Boundary Layers (15)

3:50 B. Evans (DREV, Canada), A CoQparison of In-Field Data and Theoretically
Derived Vertical Concentration In Man-Made Dust Pluses (15)

C. Particle Dynamics: Orientation Effects, Concentration Sampling, and Size/
Shape Analysis

4:10 Isaiah Gallily and E. M. Krushkal (Hebrew University. Israel), The
Orientation Distribution Function of Non-Spherical Aerosol Particles
in a Genernl Shear Flow: The Turbulent Case (20)

4:35 S. Davison, S. liwang, J. Wang and J. W. Gentry (University of Maryland),
Unipolar Charging for Ultra Fine Aerosols: Theory, Experiment and
Significance for Size Distribution (15)

D. Aerosol Elimination

4:55 Joseph Poduimak (Graduate Center for Cloud Physics Research - University
of Missouri, Rolla), Results of the Past and Current Invetigsation of
Smoke Particle Scavenging by Nonspherical Collectors (15)
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N ONDAY 25 June (continued)

I. D. (continued)

5:15 Ken& H. Leona (University of Illinois), The Collision of Nonepherical
Aerosol Particles vith Water Drops (15)

Poet. Withdrawn 0

5:35 Adjournment
Cocktails and Dinner at The Red Fox, Bel Air, MD (casual)

TUESDAY 26 June

I. PHYSICAL AND CHEMICAL PROPERTIES OF AEROSOLS (continued)

Particle Formation, Evolution and Composition "1
18:15 R. G. Pinnick, G. Fernandez and B. D. Hicks (Atmospheric Sciences

S Laboratory), Volatility of Near-Surface Aerosols in Southern
New Mexico (15)

II. AEROSOL CHARACTERIZATION METHODS (Other than Aerodynamic Methods .
See Session I. C.)

Moderator: Jerold Bottiger

A. Particle Shape Descriptions and the Value of Effective Size Parameters
8:35 David Shaw (SU14Y/Buffalo), A Review of Irregular Particle Measuring

Techniques (25)

9:05 W. Scheunsman (SIC% Germany), Characterization of Nonepherical Metallic
Particles (15)

Post. C. Kaplan, P. Y. Yu, F. Farsanah, J. Hon&, and J. W. Gentry (University
of Maryland), Application of Condition Number@ in Particle Size Analysis
and Linear Regression

B. Optical Inversion Methods for Size Distribution (Including Optical Particle
P Size Analyzers)

Post. R. E. Benner, S. C. Hill, C. K. Rushforth and P. R. Conwall (University
of Utah), Use of Structural Resonances in Fluorescence Emission for
Siting Spheres Resting on Substrates

F-°
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TUESDAY 26 June (continued)

11. B. (continued)

9:25 W. M. Tamser (OTC) and J. Y. Son (UTSI), A Comariseon of Phas. Functions
Ottained by Scattering Intensity and by Interferometric Visibility (15)

9t45 A. R. Tokuda, T. R. Najoch. S. R. Beck, C. D. Cappa and C. M. Ress (Boeing
Aerospace Co.), Multichannel Nepholometer Design (15)

10:05 DIMA

10:35 J. lattiner (CRDC), Progress of Inversion Technique Evaluation (15)

10:55 B. P. aur n ad B. L. &Lech (Calpan Field Services. Inc.), Determination
of particie Size Distribution from Blind Inversion of Synthetic Data (15)

1 1:s5e . M. eRoman and A. Ben-David (Inst. of Atmos. Physics. Univ. of Arizona)
8ad J. Rslpz' (Dept. of Blec. Eng., Univ. of Arizona), Particle Size
Distributions Obtained from Multi-Wavelength Backscattering Data (15)

11:35 William A. Pearce (30 & G/WASC). Aerosol Size Distribution Inversion
from Simulated Nephelometric Data (15)

Post. Andri Delfour. Antoine Pirus and Daniel Size (O.N.E.R.A. - C.E.R.T.. France),
Particle Size Distribution of Each Constituent of an Heterogeneous Asrosos

11:55 Robert W. L. Thomag (KG & G/WASC), The Effect of Representation on the

Interpretation of the Remote Sensing of Aerosols (15)

12:15 LUNCH

1:30 William Hooper and A. K. Jordan (Naval Research Laboratory), Generalized
Inversion Method for Data Representation* in the Complex Plane (15)

C. Optical Constants of Liquids and Powders

"1:50 Marvin Qrry (Univ. of Missouri - Kansas City), Optical Constants of
"Selected Materials in the IR-NIR-Vis-UV Spectral Region: Graphites,
Copper, Brass, Aluminum, Aluminum Oxide, Conducting Polymers. Iron,
"Iron Oxides, Zinc Oxide, Intercalated Graphite and Vitreous Carbon (15)

Pos Bernard Cuilleme, Andri Delfour and Daniel Bite (O.N.E.R.A. - C.E.R.T..
France), The 10.6 ul Refractive Index Mleasurement of a Single Particle
in Optical Levitation

2:10 Vincent Tomaselli and K. D. Moeller (Fairlsigh Dickinson University),
brInfrared Extinction Properties of Metal Powders (15)

2:30 CONVERSATION/DISCUSSION BRAK (1 hours)

.°-
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TUESDAY 26 June (continued)

II. C. (continued)

4:00 K. D. Moeller (Fairleigh Dickinson University), leamaplitter and
Detectors for the Submillimeter and Millimeter Region (15)

4:20 Robert J. Bell, M. A. Ordal, R. E. Paul, L. L. Long and R. V. Alexander
(University of Missouri - Rolla). Prediction of the - Wavelength and
Sub-in Wavelength Optical Properties of Metal and Some Nev Data for Iron
and Graphite (15)

4:40 Larry Long, R. J. Bell and Ralph Alexander (University of Missouri - Roll),
Changes in the Subailliaeter Spectra of Minerals vith Lose of Water of
Rydration (15)

L

Ill. OPTICAL PROPERTIES Of AEROSOLS

Moderator: E. Stuebing (Moderator for II. C. Is 0. I. Sindoni)

Sb

A. Infrared Emission from Aerosols

Post. Withdrawn

5:00 Glen 0. Rubel (CRDC), InvestigLction of the 'Aaction Between Acid Droplets
and Ansonia Gas (15)

5i20 Adjournment
Cocktails and Dinner at Giovanni's, Edlevood. •lD (casual) or
Cccktails and Dinner at Dausner's Restaurant, Baltimore, ND

WEDNESDAY 27 June

Ill. A. (continued)

8:15 A. Snelson (ITT Research Institute), Some Further Studies on Emissive
Aerosols and a Nov Broadband Ii Aerosol (15)

B. Interaction of Radiation and Spherical (Includins Layered) Particles

8:35 A. Coletti (Georgia Institute of Technology), On Possible Experimental
Applicati.on of Some Properties of the First Expansion Coefficients of
the Phase Function and Phase Matrix (IS)

Post. Philip L. Marston and Dean S. Langley (Wash. State Univ.), Tranmitted-
Wave and Rainbow-Enhanced Glories of Dielectric Spheres
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WEDNESDAY 27 June (continued)

II. B. (continued)

8:55 S. Arnold (Polytechic Institute of N.Y.) and A. B. Pluchino (The Aerospace W6

Corp.), Infrared Spectroscopy of Single Micron-Sized Particles (15)

Post. Thomas R. Lettiori, Richard E. Preston and Michael Bell (National Bureau of
Standards). Raem Spectroscopy of Single Liquid Droplets

9:15 K. 7. Wall, P. H. Tzeng and R. K. Chang (Yale University). Droplet Laming

and Evaporation/Condennation Studles in a Hitghly Honodisperse (1:105)

Linear Droplet Stream (15)

9:35 John Cipolla (Northeastern University) and T. P. Morse (Brown University),

Sam Recent Results in Laser-Aerosol Interactions in HorizonLal and

Vertical Tubes (15)

Th.AM Philip L. Moreton (Washington State Univ.) and James H. Crichton (Seattle
Pacific University), Radiation Torque on a Sphere Illuminated with

Circularly Polarized Light

9:55 BREAK

C. Workshop: Nonlinear Phenomena Aj

Moderator: 0. I. Sindoni

10:25 Janon Embury (CRDC), Aerosol Countermeasures to Directed Energy Weapons (15)

10:45 David Smith (United Technology Research Center), Aerosol-luduced Gas
Breakdown and Aerosol-Induced Thermal Blooming: A Review (30)

11:20 Leon J. Radziemaki (New Mexico State University), Time-Resolved

Spectroscopy of Laser-Induced Air Plasmae (15)

11:40 LUNCH

12t55 1. Armstrong (Noe Mexico State University), Interactions of Absorbing

Aerosols with Vigh Energy Lasers (13)

1:1i Withdrawn

Post. S. T. Amimoto (Aerospace Corp), G. L. Trusty and D. H. Lealie (Naval Research Lab.)

and R. Hofland (Aerospace Corp.), DF-Laser-Pulse Breakdown Induced by Land and
Maritine Aerosols

1:35 J. D. Pendleton and R. G. Pinuick (Atmospheric Sciences Laboratory),
Explosive Vaporizstion of Spherical Aerosol Droplets by Pulsed

Lasers (15)

1:05 R.K. Chang J. B Snow, S.-X. Qian, K. F. Wall and H.-M. Tteng (Yale

University): Nonlinear Optical Effects from a Liquid Droplet Irradiated
by High Energy Lasers (15)

2:15 Mel Lax (City College of ?low York), Problems in HEL-Aerosol Interactions (15)

2:35 BREAK
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WEDNESDAY 27 June (continued)

III. (continued)

D. Interaction of Radiation and Nonapherical Particles (Including Agregates)
with or without Cooperative Effect-%

3:05 Donald R. Huffman (University of Arizona), Low Temperature Matrix
Isolation Spectroscopy of Carbon and Metal Alloys - Bridging the Gap
Between Molecular and Microcrystal Spectroscopies (15)

3:25 M. F. Iskander (University of Utah), Neu Tterative Extended Boundary
Condition Method for Calculating Scattering and Absorption by Elongated
and Composite Objects (15) (Civen at the end of Thursday]

(III. D. listing continued under Thursday 28 June)

PREVIEWS OF PRESENTATIONS in the ALL-TOPIC POSTER SESSION -.

I. PHYSICAL AND CPHDICAL PROPERTIES OF AEROSOLS

A. Particle Formation, Evolution and CMposition

3:45 James Hudson (Desert Research Institute), Interstitial Particles in
Fogs (2)

Add Alistair C. D. Leslie and Nelu S. Laulainen (Battelle, Northwest),
Inertial Particle Sampler for Fine Size Particle Fracciouation and
Chemical Speciatitn by PIXE (2)

D. Aerosol Elimination

3:48 Withdrawn

II. AEROSOL CHARACTERIZATION METHODS (Other than Aerodynamic Methods - See
Session I. C.)

A. Particle Shape Descriptions and the Value of Effective Size Parameters

3:51 C. Kaplan, P. Y. Yu, F. Farzanabh. J. Hong and J. W. Gentry (University
of Maryland), Application of Condition Numbers in Particle Size
Analysis and Linear Regression (2)

B. Optical Inversion Methods for Size Distribution (Includng Optical
Particle Size Analyzers)

3:54 R. E. Benner, S. C. Hill. C. K. Atunhforth, and P. R. Convell (University
of Utah), Use of Structural Resonance* in Fluorescence Emission for
Sizing Spheres Resting on Substrates (2)

3:57 Andre Delfour, Antoine Perus and Daniel Bize (O.N.E.R.A. - C.E.R.T.,
France), Particle Size Distribution of Each Constituent of an
Heterogeneous Aerosol (2)
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WE•NMSDA¥ 27 June (continued) 4

PREVIEWS (continued)

II. AEROSOL CHARACTERIZATION METHODS (continued)

C. Optical Constants of Liquids and Powders

4:00 Bernard Guillame, Andre Delfour and Daniel Bize (O.N.E.R.A. - C.E.R.T.,
France). The 10.6 pm Refractive Index Measurement of a Single Particle
In Optical Levitation (2)

III. OPTICAL PROPERTIES OF AEROSOLS

A. Infrared Eaisaion from Aerosols

4:03 Withdrawn

B. Interaction of Radiation and Spherical (Including Layered) Porticles

4:06 Philip L. Marston and Dean S. Langley (Washington State University),
Transmitted-Wave and Rainbow-Enhanced Glories of Dielectric Spheres (2)

Add Thomas R. Lettieri, Richard E. Preston and Michael Bell (National Bureau
of Standards), Raman Spectroscopy of Single Liquid Droplets

C. Workshop: Nonlinear Phenomena

Add S. T. Amimoto (Aerospace Corp), G. L. Trusty and D. H. Leslie (Naval
Research Lab) and R. Hofland (Aerospace Corp.), DF-Laser-Pulse Breakdovn

Induced by Land and Maritine Aerosols

D. Interaction of Radiation and Nonspherical Particles (Including Agregates)
with or without Cooperative Effects

4:09 M. F. Iskander and R. E. Banner (University of Utah). Potential
Applications of the New Iterative Extended Boundary Condition Method
in the Optical Regime (2)

4:12 Withdrawn

4:15 Ru Wang (Space Astronomy Laboratory, Univ. of Florida). Extinction and
Angular Scattering by Rough Particles (2)

E. Propagation/Multiple Scatterin& in Aerosol Media and Radiative Transfer

4:18 J.A. Reagan, A. Ben-David and B. M. Herman (Univ. of Arizona), &sses*-
m=nt of Aerosol Extinction-to-Backscatter Ratio Measurements Made at
694.3 nm in Tucson, Arizona (2)

4:21 A. Coletti (Georgia Institute of Technology), Contours of Isophots in
the Stratospheric Cloud of El Chich6n (2)

4:24 Adjournment to Officers Club for Poster Session during Social Hour,

Breaking for Beef and Burgundy Dinner approximately 6:30 (casual),
and Resuming Conversation/Poster Sesaion over Coffee and Dessert %
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THURSDAY 28 June

III. OPTICAL PROPERTIES OF AEROSOLS (resumed)

B. Interaction of Radiation and Spherical (Including Layered) Particles

8:15 Philip L. Marston (Washington State University) and James H. CrichtonI (Seattle-Pacific University), Radiation Torque on a Sphere Illuminated
with Circularly Polarized Light (15) ,J.

D. Interaction of Radiation and Nonspherical Particles (Including Agaregates)
with or without Cooperative Effects (resumed)

Post. Withdrawn

"8:35 Edward S. Fry, William White and Ken Voss (Texas A & H University),
Mueller Matrix of a Single Dielectric Cube in a Fixed Orientation:
Experiment (15)

8:55 (combined presentation] Mueller Matrix of a Single Dielectric Cube in
a Fixed Orientation:

Chia-Ren Hu (Texas A 6 M University), Theory (10)

George W4. Kattawar (Texas A & M University), Numnerical Results (10)

9:20 A. B. Pluchino and M.E. Fahrner (Aerospace Corp.), Measured IR Scattering
from Single Irregularly Shaped Ice Crystals (15)

9:40 Steven C. Hill and A. Clyde Hill (Univ. of Utah Research Institute) and t

Peter W. Barber (Clarkson University), Light Scattering by Size/Shape
Distributions of Soil Particles and Spheroids (15)

10:00 BREAK

10:30 K. Tennal, J. D. Wilson, D. Jackson and M. K. Mazumdt.r (University of

Arkansas), Application of the Spectraphone to Measurement of Light
Absorption by Multicomponent Aerosols (15)

10:50 H. Wail, T. B. A. Senior, T. M. Willis III (Univ. of Michigan), Internal
and Near Fields of Small Particles Illuminated in Spectral Absorption
Bands (15)

11:10 Donald R. Huffman (University of Arizona), Wavelength Dependence of
Scattered Light Through Spectral Regions with Strong Absorption Bands,
Using Laboratory and Field Measurements (15)

Post. Ru Wang (Space Astronomy Laboratory, Univ. of Florida). Extinction and
Angular Scattering by Rough Particles

5,
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THURSDAY 28 June (continued)

III. D. (continued)

11:30 E. lahar and M4. A. Fitzvater (Univ. of Nebraska - Lincoln). .- a•Letring
and Depolarization by Very Long Finitely Conducting Cylinders with,
Pough Surfaces (15)

11:50 LUNCH

1:05 Aria1 Cohen. Lenard Cohen and Richard Haract (Dreml Univarairy) and
V. Tomaselli. J. Coloal and K. D. Moeller (FMrlaigh Dickinson UiIvecsity).
Angular Scattering Distributions by Long Copper and Brass Cylinders--
Experiment and Theory (15)

1:25 Jeanne C. Pedersen, Norman E. Pedersen and Peter C. Watermon (Papa% r. xe),
Recent Results in Scattering and Absorption by Conductive Mibere ?A.)

1:45 D. H. Holze. D. L. Dye, C. D. Capps. C. Gulav:ik (Boeing Aerospacu Zo.), and J.W.
Bond (Delvoir Research and Development Center), Dipole-Dipole Scattering Tuter-
action and Its Relacion to Particle Separation .in Coatings and Clouds (15)

2:05 Ariel (..., Lenard Cohen and Richard Haracz (Drexel University), Double
Scattex.''- oy Finite Dielectric Cylinders (15)

2:25 B. Schlicht, K. F. Wall and R. K. Chang (Yale University), Fiber above (15)
a Mirror: Mirror-Fiber Distance Dependence of the Angular Scattering
Pattern and the Morphology-Dependent Resonances in the Elastic Scattering (15)

2:45 Michael Riley (CRDC), An Invitation to Research: Co-operative Scattering
Effects of Conductive Filaments (5)

2:55 CONVERSATION/DISCUSSION BREAK (1½ hours)

4:25 Milton Kerker (Clarkson University). Are Aggregates Necessary in Order
to Observe Surface Enhanced Rsman Scattering? (15)

4:45 J. R. Aronson, A. G. Enabie, Simon and E. M. Smith (Arthur D. Little.
Inc.), Scattering and Absornt-" y Aggregated Aerosol Particles (15)

5:05 William S. Bickel (University or Arizona). Masking of Information in

Light Scattering Curves from Complex Scatterers (15)

[N. F. Iskander's paper, scheduled for 3:25 on Wednesday, was given here.]

5:25 Adjournment
Crab Feast at Gabler . Shore Restaurant oi. - Bush River (very casual)
(Chicken H Hamburgers also available)

L
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FRIDAY 29 June

II. OPTICAL PROPERTIRS OF AEROSOLS (continued)

a. Propagation/Multiple Scatterint in Aerosol Media and Radiative Transfer

8:15 Peter C. Waterman. Norman E. Pedersen and Jeanne C. Pedersen (Panauetrics),
Radiative Transfer by Clouds of Conductive Fibers (15)

8:35 V. X. Varadan, V. V. Varadan and Y. Ms (Pennsylvania State University),
Multiple Scattering by Aligned and Randomly Oriented Discrete-|
Scatterers (15)

8:55 C. Yah and A. Ishimaru (D4tec Engineering, Inc.), Multiple Scattering
Calculations for Nonsphezrcal Particles Based on the Vector Radiative
Transfer Theory (15)

9:15 David A. do Wolf (VPI & SU), The Renormalised Wave Equation and
Applications (15)

Post. 1. A. Reagan, A. Sen-David and B. M. Harman (University of Arizona).
Assessment of Aerosol Extinction-to-Backscatter Ratio Measurements
Mad* at 694.3 nn in Tucson, Arizona

9:35 R. B. Smith, T. D. Houston, A. Ulitsky, A. I. Carswell, and S. R. Pal
(Optech. Inc.), Propagation and Scattering of Infrared Laser Beams in
Dense Clouds (15)

9:55 BREAK

10:25 N. J. McCormick (University of Washington). Transport Methods for
Estimating Single-Scattering Coefficients from Remote or In-Situ
Multiply-Scattered Radiance Measurements (15)

10:45 A. Zarde.iki and S. Gerstl (Los Alamos National Laboratory) and J. HEbury
(CRDC), Imaging through a Multiply Scattering Htdium (15)

Post. A. Colett. (Georgia Institute of Technology), Contours of Isophoto
in the Stratospheric Cloud of El Chichon

IV. DISCUSSION: DIRECTIONS FOR FUTURE RESEARCH IN THE CRDC AEROSOL RESEARCH
PROGRAM

Moderator: E. Stuebing

11:05 Discussion (About 75 minutes)

Approximately 12:20 End of Conference

*,j. GOVs0mp1P013@eP"oa lOP s P"l 55 21260
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